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MONDAY, SEPTEMBER 7, 2009

WRFPM / TOP FUEL 2009 CONFERENCE - Paris (France)

TECHNICAL PROGRAM AM

With the participation of:
Mr Joe Belechak, WESTINGHOUSE - Mr Louis-François Durret,  
AREVA - Mr Hans Forsström, IAEA - Mr Steve Kuczynski, 
EXELON - Mr Kang Rixin, CNNC - Mrs Rosa Yang, EPRI  

Keynote Address: Mrs Anne Lauvergeon
Chief Executive Offi cer of AREVA

President Panel 2: Mr Bruno Lescoeur
Senior Executive Vice President, EDF

Industrial Challenges of Fuel and Fuel Cycle
11:00 am - 12:45 pm

R&D Programs to Support the Nuclear Fuel Cycle

Keynote Address: Mr Bernard Bigot
Chairman of the French Atomic Energy Commission

President Panel 1: Mr François-Michel Gonnot
Member of Parliament and President of ANDRA

With the participation of:
Mr Luis E. Echavarri, NEA - Dr Philipp Finck, INL - Dr Dale 
Klein, USNRC - Shunsuke Kondo, JAEC - Mr Nikolai Ponomarev-
Stepnoi, Kurchatov Institute - Dr Baldev Raj, IGCAR 

8:30 am

Welcome by Mr Bernard Bigot, Chairman of the Atomic 
Energy Commission and General Chair of  the Conference 

With the presence of the OECD/NEA Director General, the IAEA Deputy 
Director General and the ANS, ENS and SFEN representatives

M

N
D
A
Y
8:45 am - 10:30 am

Break and Exhibition Offi cial Opening  

(Room: BORDEAUX)

Information for the speakers:  On your arrival, pick up 
your badge and meeting materials and go to the Preview 
Room, same level as the conference rooms, open from 7:30 
am to 18:00 pm. Check your presentation and identify your 
conference room number. Speakers must sign in on arrival.

Conference rooms are equipped with audio-visual equipment 
loaded with the presentations, through a local area network.  
We suggest that you bring your presentation on your arrival 
(in Microsoft Power Point (.ppt) formats) and test the file on 
the computer available at the preview room.

Information for session chairs: Session chairs must sign 
in on arrival. They will be given details of their sessions and 
biographical information of the speakers. Please, go to the 
Preview Room, same level as the conference rooms - Open 
from 7:30 am. to 18:00 pm everyday.

Poster Information: Authors have to contact the Registration 
Desk to have details for set up. Each poster has a special 
location. 

Conference Venue
Located at the Place of Porte Maillot, near the Arc de Triomphe 
and the Champs-Elysees Avenue, the Palais des Congrès de 
Paris is connected to the entire highway system, train stations, 
subway and Roissy Charles-de-Gaulle/ Orly Airports. 
Address: Palais des Congrès de Paris - 2 Place de la Porte 
Maillot - 75017 Paris - Metro Station: Porte Maillot.
The conference is located in the Palais des Congrès of Paris, 
Level 3, Havane and Bordeaux Halls.

Language
The working language is English. There is no translation except 
for the Opening Session of Monday, September 7, 2009.

Message Board
A message board will be located in the Registration Area. 
Messages may be left for meeting attendees. 
Lunch Period
Some snacks will be available in the exhibition area. You 
can also have lunch at Level 0 of the Palais des Congrès or 
outside  the building. You will fi nd a wide variety of restaurants 
all around the Palais des Congrès.
International Exhibition
The exhibition is open from Monday to Thursday, 8:30 am 
to 18:00 pm. - Meet Exhibitors from Asia, Europe and the 
United States! See the exhibitor’s catalogue in this program 
for details. 
The exhibition is held in parallel to the conference and 
located near the coffee break areas and Internet access area, 
providing maximum networking opportunities for delegates, 
visitors and exhibitors. 

Opening Hours - Events per day:
•  Sunday: Registration Desk: 16:00 pm to 19:00 pm 
> Preview Room: 16:00 pm to 19:00 pm (speakers, chairs)
> Poster Installation: 16:00 pm to 19:00pm
> Welcome Reception at 19:00 pm to  21:00 pm 
 (Located in the Concorde-Lafayette Hotel, Level 4, access 

from the Global & WRFPM/ Top Fuel escalators)

•  Monday: Registration Desk: 7:30 am to 18:30 pm
> Conference Opening Session at 8:30 am
> Offi cial Opening of the Exhibition Area at 10:30 am

•  Tuesday: Registration Desk: 7:30 am to 18:30 pm
>  Beginning of conference at 8:30 am
>  Poster Session: 16:00 pm to 18:00 pm
> Conference Dinner (optional): 19:30 pm 23:00 pm 

•  Wednesday: Registration Desk: 7:30 am to 18:30 pm
> Beginning of conference at 8:30 am

•  Thursday: Post-Technical Visits (optional) - all day - 

About Registration
Meeting registration is required for all participants. 
For security reasons, access to the conference,
exhibition, coffee breaks and events will be limited to
persons wearing the identifi cation badge provided with
the registration package.

Full registration covers:
>  Attendance at the plenary and technical sessions
> Access to the international exhibition and coffee breaks
> A registration package including: a personal identifi cation 

badge, proceedings on CD-ROM, the meeting program 
and the Paris leafl et & map.

>  Invitation to the Welcome Reception on Sunday, 
September 6, 2009

Welcome Reception
(Concorde-Lafayette Hotel, Level 4 of the Palais des 
Congrès) 
Let’s share a drink of welcome, open to all participants and 
exhibitors. Held on Sunday, September, 6, from 19:00 pm to 
21:00 pm, on your arrival.

Conference Dinner (Optional)
Don’t miss the conference dinner and join us to share
this night sightseeing cruise with dinner on the Seine
on Tuesday, September 8, 2009! 19:30 pm to 23:00 pm 
(Casual Dress)

Contact the Registration Desk if you need to purchase
tickets (according to availability).

Post-Technical Visits (Optional)
Three visits are organized on Thursday, September 10, 2009: 
- The AREVA NC La Hague site 
- The ATALANTE and MELOX facilities

Contact the Registration Desk for details of programs and 
schedules.

Participation is only for attendants having registered earlier. 
On-site registrations will not be possible since we are 
completely full. We remind the participants to bring their ID 
papers to access the sites. 

MEETING INFORMATION
IN GENERAL
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TECHNICAL PROGRAM
PM PM

• 14:00-15:30

TECHNICAL SESSIONS 
(IN PARALLEL)
1.02 New Product Qualifica�on
Session Chairs: TBA - Room: 364
14:00
2113 GENUSA Fuel Evolu�on, Sylvia 
Choithramani (ENUSA Industrias 
Avanzadas-Spain), Russell Fawce� (Global 
Nuclear Fuel-USA), María Malpica (ENUSA 
Industrias Avanzadas-Spain)
14:20
2040 Op�mized ZIRLO Qualifica�on 
Program for EDF Reactors, David 
L. Chapin, Gunnar Wikmark 
(Wes�nghouse-USA), Claire Maury, 
Benjamin Therache (EDF SEPTEN-
France), Myriam Claeys (EDF Fuel 
Division-France), Manuel Quecedo 
Gu�errez, Cris�na Munoz-Reja Ruiz 
(ENUSA-Spain)
14:40
2038 Mixed Oxide Fuel Prepared with 
Weapons-Derived Plutonium: Test 
Irradia�on Summary and Preliminary 
LTA PIE Results, L.J. O�, B.B. Bevard, 
R.N. Morris, D.J. Spellman (ORNL-USA)

2.07 Transient Fuel Behavior: RIA-I
Session Chairs: Toyoshi Fuketa (JAEA-
Japan), Nicolas Waeckel (EDF-France)
Room: 342A
14:00
2083 Behavior of LWR/MOX Fuels 
under Reac�vity-Ini�ated Accident 
Condi�ons, Toyoshi Fuketa, Tomoyuki 
Sugiyama, Miki Umeda, Hideo Sasajima, 
Fumihisa Nagase (JAEA-Japan)
14:20
2082 Compara�ve Analysis on 
Behavior of High Burnup PWR Fuel 
Pulse-Irradiated in Reac�vity-Ini�ated 
Accident Condi�ons, Motoe Suzuki, 
Tomoyuki Sugiyama, Yutaka Udagawa, 
Fumihisa Nagase, Toyoshi Fuketa (JAEA-
Japan)
14:40
2155 Modeling of Fission Gas Release 
in LWR UO2 Fuel under RIA Condi�ons 
Using Ar�ficial Neural Network 
Method, Yang-Hyun Koo, Jae-Yong Oh, 
Byung-Ho Lee, Young-Wook Tahk, Ik-
Sung Lim, Kun-Woo Song (KAERI-Korea)
15:00
2086 Effect of Ini�al Coolant 
Temperature on Mechanical Fuel 
Failure under Reac�vity-Ini�ated 
Accident Condi�ons, Tomoyuki 
Sugiyama, Miki Umeda, Hideo Sasajima, 

Motoe Suzuki, Toyoshi Fuketa (JAEA-
Japan)
15:20
2019 An Analy�cal Criterion to Prevent 
PCMI Fuel Rod Cladding Failure During 
RIA Transients, C. Bernaudat, S. 
Cambier, J. Guion, S. Benjamin (EDF/
SEPTEN-France)

3.03 FA Development & Global FA 
Behavior-I
Session Chairs: David Schrire 
(VATTENFALL-Sweden), G. Chaigne 
(EDF-France) - Room: 341
14:00
2162 Robustness in the Design and 
Manufacture of the AP1000 Fuel 
Assembly, Sumit Ray (Wes�nghouse-
USA)
14:20
2187 ATRIUM™ Fuel - Con�nuous 
Upgrading for High Duty BWR Plants, 
Robert Koch, Hans-Joachim Lippert, 
Peter Urban (AREVA NP GmbH-
Germany), Steven E. Cole (AREVA NP Inc-
USA), Pierre Mollard (AREVA NP-France)
14:40
2135 3-D Modeling of Fuel Assembly 
Bow for EDF PWRs, B. Levasseur, G. 
Chaigne (EDF SEPTEN-France), R. 
Fernandes (EDF R&D-France)
15:00
2099 Sta�s�cal Comparing Method for 
Debris Filtering Effec�veness, Joon-Kyoo 
Park, Jin-Seok Lee, Jung-Min Suh, Kyeong-
Lak Jeon (Korea Nuclear Fuel-Korea)

• 15:30-16:00

COFFEE BREAK - Exhibition Area

• 16:00-18:00

TECHNICAL SESSIONS 
(IN PARALLEL)
1.01 Opera�onal Experience
Session Chairs: TBA - Room: 364
16:00
2154 Channel Control-Blade 
Interference Management at LaSalle 
1 and 2 during 2007 and 2008, Paul 
Cantonwine , Doug Crawford, Mike 
Downs (Global Nuclear Fuels-USA), 
Bertram Joe, Ted Bahensky (GE-Hitachi-
USA), John Reimer, Carlos del la Hoz, 
Ken Petersen, Mike Reitmeyer (Exelon-
Nuclear-USA), Jeff Morris, Ali Zbib 
(AREVA NP-USA)
16:20
2153 EDF PWR Fuels - EDF Opera�ng 

Experience, Xavier Thibault, Thierry 
Meylogan, Eric Briard, Guy Chaigne 
(EDF DPI-France)
16:40
2149 BWR Fuel Reliability under 
Challenging Water Chemistry 
Condi�ons, Bo Cheng (EPRI-USA), 
Frederick Smith (Entergy-USA), James 
Lemons (TVA-USA)
17:00
2122 Local Fuel Rod Crud Predic�on 
Tool Applica�ons, Michael A. Krammen, 
Zeses E. Karoutas, Guoqiang Wang, 
Michael Y. Young (Wes�nghouse-USA)
17:20
2063 Fre�ng Performance of the RFA 
Fuel, Miguel Aullo, Rodolfo Canencia 
(ENUSA-Spain), David Chapin, Roger Lu, 
William Rabenstein (Wes�nghouse-USA)
17:40
2030 Opera�on of Nuclear Fuel Based 
on Reprocessed Uranium for VVER-type 
Reactors in Compe��ve Nuclear Fuel 
Cycles, V.M. Troyanov, A.A. Tuzov (JSC 
TVEL-Russia), A.M. Pavlovichev, V.N. 
Prosiolkov, Yu.M. Semchenkov (RRC 
Kurchatov Ins�tute-Russia)

2.09 Transient Fuel Behavior: LOCA-I
Session Chairs: Fumi Nagase (JAEA-
Japan), JC Brachet (CEA-France)
Room: 342A
16:00
2120 Proposed Modifica�on of 
Cladding Embri�lement Criteria, P.M. 
Clifford, M.E. Flanagan (US NRC-USA)
16:20
2084 Cladding Embri�lement under 
LOCA Condi�ons Examined by Two Test 
Methodologies, Fumihisa Nagase, Toshinori 
Chuto, Toyoshi Fuketa (JAEA-Japan)
16:40
2093 Determina�on of Mechanical 
Cladding Proper�es by Best-Fit 
Simula�ons of Ring Compression Tests, 
Heinz-Günther Sonnenburg, Joachim 
Herb, Jürgen Sievers, Hans-Peter 
Bachmann (GRS-Germany)
17:00
2112 Obten�on of Fracture Proper�es 
of Unirradiated Hydrogen-charged Fuel 
Cladding from Ring Compression Tests, 
M.A. Mar�n-Rengel (Univ Politecnica de 
Madrid, CSN-Spain), F.J. Gomez, J. Ruiz-
Hervias, L. Caballero, A. Valiente (Univ 
Politecnica de Madrid-Spain)
17:20
2032 Coolability of Ballooned VVER 
Bundles with Pellet Reloca�on, Zoltán 
Hózer, Imre Nagy, Péter Windberg, 

András Vimi (Hungarian Academy of 
Sciences KFKI Atomic Energy Research 
Ins�tute-Hungary)
17:40
2105 Transient Dry Out in Forsmark 2 
during a Fast Pump Runback – Course 
of Events, Fuel Inves�ga�ons and 
Measures Taken, Eric Ramenblad, David 
Schrire (Va�enfall Nuclear Fuel AB-
Sweden), Björn Schröder (Forsmarks 
Kra�grupp AB-Sweden)

3.04 FA Development & Global FA 
Behavior-II
Session Chairs: Jean-Noel Canat (AREVA-
France), D. Maertens (TÜV NORD 
ENSYS-Germany) - Room: 341
16:00
2133 Experimental Benchmark of a Li� 
Force Model for PWR Fuel Assemblies, 
Pablo R. Rubiolo, Guy Chaigne, Pierre 
Peturaud (EDF SEPTAN-France), Jérôme 
Bigot, Jean-François Desseignes, Fabien 
Filhol (AREVA NP-France)
16:20
2028 An Evalua�on on the Fluid Elas�c 
Instability of the Fuel Rod for OPR1000 
Plants, Hyeong Koo Kim, Sang Yoon 
Jeon, Kyou Seok Lee, Jeong Ha Kim, 
Sang Jong Lee (KNF-Korea)
16:40
2014 Predic�on of Grid to Rod Gap 
for Fuel Rod Vibra�on Analysis in 
PWR Cores, Zeses Karoutas, Michael 
Krammen, Yuriy Aleshin, Ron Kesterson, 
Steve Grill (Wes�nghouse-USA)
17:00
2021 Methodology to Access Fuel 
Assembly Dimension Stability on Design 
Stage, Yuriy Aleshin (Wes�nghouse-
USA), Miguel Aullo Chaves, Alberto 
Cerracin (ENUSA-Spain), Sang-Youn 
Jeon, Hyeong-Koo Kim (KNF-Korea)
17:20
2031 The Parametric Study of Power 
Spectral Density (PSD) and Correla�on 
Length Models in VITRAN Code, Roger Y. 
Lu (Wes�nghouse-USA)

4.03 Interim Storage
Session Chairs: Guy Demazy (Synatom-
Belgium), Mark Whitwill (KKG)
Room: 352B
16:00
9406 Two Innova�ve Solu�ons for Dry 
Storage of Spent Fuel, Camille O�on, 
Justo Garcia, Perrine Russias (TN 
Interna�onal-France)
16:20
9125 Heat Transfer Performance in 

Accordance with the Direc�on with the 
Inlet and Outlet, K.S. Bang, J.C. Lee, K.S. 
Seo (KAERI-Korea), K.H. Lee (Hanyang 
Univ-Korea)
16:40
9546 Experience of Using Metal-
Concrete Cask TUK-108/1 For Storage 
and Transporta�on of Spent Nuclear 
Fuel of Decommissioned Submarines, 
V.G. Dolbenkov, V.D. Guskov, G.V. 
Korotkov (JSC KBSM-Russia), T.F. 
Makarchuk (JSC Atomstroyexport-
Russia), A.A. Zakharchev (State 
Corpora�on Rosatom-Russia), E. Barnes, 
R. Dyer (Environmental Protec�on 
Agency-USA), R. Snipes (ORNL-USA)
17:00
9493 Transporta�on, Aging and Disposal 
(TAD) Nuhoms Canisters for Use at the 
US Repository, Jack K. Boshoven, Marlin 
L. Stoltz, Sr. (Transnuclear, Inc.-USA)
17:20
9517 Inac�ve Experiments Inves�ga�ng 
the Cold Vacuum Drying of We�ed 
Magnox Fuel, M. Clough, D. Willey, 
Z. Banfield (UK Na�onal Nuclear 
Laboratory-UK)

5.01 Innova�ve Fuels-I
Session Chairs: Michel Boidron (CEA-
France), Marius Stan (LANL-USA)
Room: 362
16:00
2115 Enhancement of Uranium Dioxide 
Burnup Capabili�es Using Oxide 
Addi�ves, Bre� Dooies, Samim Anghaie 
(Univ of Florida-USA)
16:20
2108 A Commercial Thorium-based Fuel for 
LWRs, Valen�n Fhager (Thor Energy-Norway)
16:40
2159 Compact Fuel Based on Micro-
Hetero Structure, Liviu Popa-Simil 
(LAVM LLC-USA)
17:00
2145 The Predic�ve Maturity of a Fuel-
relevant Material Model, François M. 
Hemez, Ce�n Unal (LANL-USA), H. Sezer 
Atamturktur (The Pennsylvania State 
Univ-USA)
17:20
2140 Thermo-elas�c Analysis of a Dual 
Cooled Annular Fuel Behavior, Juseong 
Kim, Yongsoo Kim, Hyocheol Lee 
(Hanyang Univ-Korea), Yongsik Yang, 
Jegeon Bang, Kunwoo Song (KAERI-
Korea)

End of Monday Conference
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TECHNICAL PROGRAMPM PM

• 14:00-15:30

TECHNICAL SESSIONS 
(IN PARALLEL)
1.02 New Product Qualifica�on
Session Chairs: TBA - Room: 364
14:00
2113 GENUSA Fuel Evolu�on, Sylvia 
Choithramani (ENUSA Industrias 
Avanzadas-Spain), Russell Fawce� (Global 
Nuclear Fuel-USA), María Malpica (ENUSA 
Industrias Avanzadas-Spain)
14:20
2040 Op�mized ZIRLO Qualifica�on 
Program for EDF Reactors, David 
L. Chapin, Gunnar Wikmark 
(Wes�nghouse-USA), Claire Maury, 
Benjamin Therache (EDF SEPTEN-
France), Myriam Claeys (EDF Fuel 
Division-France), Manuel Quecedo 
Gu�errez, Cris�na Munoz-Reja Ruiz 
(ENUSA-Spain)
14:40
2038 Mixed Oxide Fuel Prepared with 
Weapons-Derived Plutonium: Test 
Irradia�on Summary and Preliminary 
LTA PIE Results, L.J. O�, B.B. Bevard, 
R.N. Morris, D.J. Spellman (ORNL-USA)

2.07 Transient Fuel Behavior: RIA-I
Session Chairs: Toyoshi Fuketa (JAEA-
Japan), Nicolas Waeckel (EDF-France)
Room: 342A
14:00
2083 Behavior of LWR/MOX Fuels 
under Reac�vity-Ini�ated Accident 
Condi�ons, Toyoshi Fuketa, Tomoyuki 
Sugiyama, Miki Umeda, Hideo Sasajima, 
Fumihisa Nagase (JAEA-Japan)
14:20
2082 Compara�ve Analysis on 
Behavior of High Burnup PWR Fuel 
Pulse-Irradiated in Reac�vity-Ini�ated 
Accident Condi�ons, Motoe Suzuki, 
Tomoyuki Sugiyama, Yutaka Udagawa, 
Fumihisa Nagase, Toyoshi Fuketa (JAEA-
Japan)
14:40
2155 Modeling of Fission Gas Release 
in LWR UO2 Fuel under RIA Condi�ons 
Using Ar�ficial Neural Network 
Method, Yang-Hyun Koo, Jae-Yong Oh, 
Byung-Ho Lee, Young-Wook Tahk, Ik-
Sung Lim, Kun-Woo Song (KAERI-Korea)
15:00
2086 Effect of Ini�al Coolant 
Temperature on Mechanical Fuel 
Failure under Reac�vity-Ini�ated 
Accident Condi�ons, Tomoyuki 
Sugiyama, Miki Umeda, Hideo Sasajima, 

Motoe Suzuki, Toyoshi Fuketa (JAEA-
Japan)
15:20
2019 An Analy�cal Criterion to Prevent 
PCMI Fuel Rod Cladding Failure During 
RIA Transients, C. Bernaudat, S. 
Cambier, J. Guion, S. Benjamin (EDF/
SEPTEN-France)

3.03 FA Development & Global FA 
Behavior-I
Session Chairs: David Schrire 
(VATTENFALL-Sweden), G. Chaigne 
(EDF-France) - Room: 341
14:00
2162 Robustness in the Design and 
Manufacture of the AP1000 Fuel 
Assembly, Sumit Ray (Wes�nghouse-
USA)
14:20
2187 ATRIUM™ Fuel - Con�nuous 
Upgrading for High Duty BWR Plants, 
Robert Koch, Hans-Joachim Lippert, 
Peter Urban (AREVA NP GmbH-
Germany), Steven E. Cole (AREVA NP Inc-
USA), Pierre Mollard (AREVA NP-France)
14:40
2135 3-D Modeling of Fuel Assembly 
Bow for EDF PWRs, B. Levasseur, G. 
Chaigne (EDF SEPTEN-France), R. 
Fernandes (EDF R&D-France)
15:00
2099 Sta�s�cal Comparing Method for 
Debris Filtering Effec�veness, Joon-Kyoo 
Park, Jin-Seok Lee, Jung-Min Suh, Kyeong-
Lak Jeon (Korea Nuclear Fuel-Korea)

• 15:30-16:00

COFFEE BREAK - Exhibition Area

• 16:00-18:00

TECHNICAL SESSIONS 
(IN PARALLEL)
1.01 Opera�onal Experience
Session Chairs: TBA - Room: 364
16:00
2154 Channel Control-Blade 
Interference Management at LaSalle 
1 and 2 during 2007 and 2008, Paul 
Cantonwine , Doug Crawford, Mike 
Downs (Global Nuclear Fuels-USA), 
Bertram Joe, Ted Bahensky (GE-Hitachi-
USA), John Reimer, Carlos del la Hoz, 
Ken Petersen, Mike Reitmeyer (Exelon-
Nuclear-USA), Jeff Morris, Ali Zbib 
(AREVA NP-USA)
16:20
2153 EDF PWR Fuels - EDF Opera�ng 

Experience, Xavier Thibault, Thierry 
Meylogan, Eric Briard, Guy Chaigne 
(EDF DPI-France)
16:40
2149 BWR Fuel Reliability under 
Challenging Water Chemistry 
Condi�ons, Bo Cheng (EPRI-USA), 
Frederick Smith (Entergy-USA), James 
Lemons (TVA-USA)
17:00
2122 Local Fuel Rod Crud Predic�on 
Tool Applica�ons, Michael A. Krammen, 
Zeses E. Karoutas, Guoqiang Wang, 
Michael Y. Young (Wes�nghouse-USA)
17:20
2063 Fre�ng Performance of the RFA 
Fuel, Miguel Aullo, Rodolfo Canencia 
(ENUSA-Spain), David Chapin, Roger Lu, 
William Rabenstein (Wes�nghouse-USA)
17:40
2030 Opera�on of Nuclear Fuel Based 
on Reprocessed Uranium for VVER-type 
Reactors in Compe��ve Nuclear Fuel 
Cycles, V.M. Troyanov, A.A. Tuzov (JSC 
TVEL-Russia), A.M. Pavlovichev, V.N. 
Prosiolkov, Yu.M. Semchenkov (RRC 
Kurchatov Ins�tute-Russia)

2.09 Transient Fuel Behavior: LOCA-I
Session Chairs: Fumi Nagase (JAEA-
Japan), JC Brachet (CEA-France)
Room: 342A
16:00
2120 Proposed Modifica�on of 
Cladding Embri�lement Criteria, P.M. 
Clifford, M.E. Flanagan (US NRC-USA)
16:20
2084 Cladding Embri�lement under 
LOCA Condi�ons Examined by Two Test 
Methodologies, Fumihisa Nagase, Toshinori 
Chuto, Toyoshi Fuketa (JAEA-Japan)
16:40
2093 Determina�on of Mechanical 
Cladding Proper�es by Best-Fit 
Simula�ons of Ring Compression Tests, 
Heinz-Günther Sonnenburg, Joachim 
Herb, Jürgen Sievers, Hans-Peter 
Bachmann (GRS-Germany)
17:00
2112 Obten�on of Fracture Proper�es 
of Unirradiated Hydrogen-charged Fuel 
Cladding from Ring Compression Tests, 
M.A. Mar�n-Rengel (Univ Politecnica de 
Madrid, CSN-Spain), F.J. Gomez, J. Ruiz-
Hervias, L. Caballero, A. Valiente (Univ 
Politecnica de Madrid-Spain)
17:20
2032 Coolability of Ballooned VVER 
Bundles with Pellet Reloca�on, Zoltán 
Hózer, Imre Nagy, Péter Windberg, 

András Vimi (Hungarian Academy of 
Sciences KFKI Atomic Energy Research 
Ins�tute-Hungary)
17:40
2105 Transient Dry Out in Forsmark 2 
during a Fast Pump Runback – Course 
of Events, Fuel Inves�ga�ons and 
Measures Taken, Eric Ramenblad, David 
Schrire (Va�enfall Nuclear Fuel AB-
Sweden), Björn Schröder (Forsmarks 
Kra�grupp AB-Sweden)

3.04 FA Development & Global FA 
Behavior-II
Session Chairs: Jean-Noel Canat (AREVA-
France), D. Maertens (TÜV NORD 
ENSYS-Germany) - Room: 341
16:00
2133 Experimental Benchmark of a Li� 
Force Model for PWR Fuel Assemblies, 
Pablo R. Rubiolo, Guy Chaigne, Pierre 
Peturaud (EDF SEPTAN-France), Jérôme 
Bigot, Jean-François Desseignes, Fabien 
Filhol (AREVA NP-France)
16:20
2028 An Evalua�on on the Fluid Elas�c 
Instability of the Fuel Rod for OPR1000 
Plants, Hyeong Koo Kim, Sang Yoon 
Jeon, Kyou Seok Lee, Jeong Ha Kim, 
Sang Jong Lee (KNF-Korea)
16:40
2014 Predic�on of Grid to Rod Gap 
for Fuel Rod Vibra�on Analysis in 
PWR Cores, Zeses Karoutas, Michael 
Krammen, Yuriy Aleshin, Ron Kesterson, 
Steve Grill (Wes�nghouse-USA)
17:00
2021 Methodology to Access Fuel 
Assembly Dimension Stability on Design 
Stage, Yuriy Aleshin (Wes�nghouse-
USA), Miguel Aullo Chaves, Alberto 
Cerracin (ENUSA-Spain), Sang-Youn 
Jeon, Hyeong-Koo Kim (KNF-Korea)
17:20
2031 The Parametric Study of Power 
Spectral Density (PSD) and Correla�on 
Length Models in VITRAN Code, Roger Y. 
Lu (Wes�nghouse-USA)

4.03 Interim Storage
Session Chairs: Guy Demazy (Synatom-
Belgium), Mark Whitwill (KKG)
Room: 352B
16:00
9406 Two Innova�ve Solu�ons for Dry 
Storage of Spent Fuel, Camille O�on, 
Justo Garcia, Perrine Russias (TN 
Interna�onal-France)
16:20
9125 Heat Transfer Performance in 

Accordance with the Direc�on with the 
Inlet and Outlet, K.S. Bang, J.C. Lee, K.S. 
Seo (KAERI-Korea), K.H. Lee (Hanyang 
Univ-Korea)
16:40
9546 Experience of Using Metal-
Concrete Cask TUK-108/1 For Storage 
and Transporta�on of Spent Nuclear 
Fuel of Decommissioned Submarines, 
V.G. Dolbenkov, V.D. Guskov, G.V. 
Korotkov (JSC KBSM-Russia), T.F. 
Makarchuk (JSC Atomstroyexport-
Russia), A.A. Zakharchev (State 
Corpora�on Rosatom-Russia), E. Barnes, 
R. Dyer (Environmental Protec�on 
Agency-USA), R. Snipes (ORNL-USA)
17:00
9493 Transporta�on, Aging and Disposal 
(TAD) Nuhoms Canisters for Use at the 
US Repository, Jack K. Boshoven, Marlin 
L. Stoltz, Sr. (Transnuclear, Inc.-USA)
17:20
9517 Inac�ve Experiments Inves�ga�ng 
the Cold Vacuum Drying of We�ed 
Magnox Fuel, M. Clough, D. Willey, 
Z. Banfield (UK Na�onal Nuclear 
Laboratory-UK)

5.01 Innova�ve Fuels-I
Session Chairs: Michel Boidron (CEA-
France), Marius Stan (LANL-USA)
Room: 362
16:00
2115 Enhancement of Uranium Dioxide 
Burnup Capabili�es Using Oxide 
Addi�ves, Bre� Dooies, Samim Anghaie 
(Univ of Florida-USA)
16:20
2108 A Commercial Thorium-based Fuel for 
LWRs, Valen�n Fhager (Thor Energy-Norway)
16:40
2159 Compact Fuel Based on Micro-
Hetero Structure, Liviu Popa-Simil 
(LAVM LLC-USA)
17:00
2145 The Predic�ve Maturity of a Fuel-
relevant Material Model, François M. 
Hemez, Ce�n Unal (LANL-USA), H. Sezer 
Atamturktur (The Pennsylvania State 
Univ-USA)
17:20
2140 Thermo-elas�c Analysis of a Dual 
Cooled Annular Fuel Behavior, Juseong 
Kim, Yongsoo Kim, Hyocheol Lee 
(Hanyang Univ-Korea), Yongsik Yang, 
Jegeon Bang, Kunwoo Song (KAERI-
Korea)

End of Monday Conference
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AM PM

• 8:30 – 10:00

PLENARY 2 Room: BORDEAUX
(Plenary Session Shared with 
WRFPM/Top Fuel)
Advanced Nuclear Fuel Cycles: 
Which Options, Which 
Strategies? 
Chaired by Mr Daniel Leroy, EDF
With the participation of: 
Mr Frank Carre (CEA), Mr Hans 
Forsström (IAEA), Mr Sylvain Granger 
(EDF),   Mr Denis Hugelmann (AREVA), 
Mr Isami Kojima (JNFL), Mr Paul Lisowski 
(US DOE)

and Announcement of the 2010 
LWR Fuel Performance Meeting/
TopFuel
September 26-29, 2010 
Orlando, Florida, USA, 
Hyatt Regency Grand Cypress
www.fuel.ans.org/fuel10/

• 10:00 – 10:30

COFFEE BREAK - Exhibition Area

• 10:30 – 12:30

TECHNICAL SESSIONS 
(IN PARALLEL)
2.05 Transient Fuel Behavior: PCI-I
Session Chairs: David Mitchell 
(Wes�nghouse-USA), Nadine Hollasky 
(AVN-Belgium) - Room: 342A
10:30
2125 PCI Analysis and Fuel Rod Failure 
Predic�on using FALCON, William 
Lyon, Robert Montgomery, Joe Rashid 
(Anatech Corpora�on-USA), Suresh 
Yagnik (EPRI-USA)
10:50
2188 Insights into Fuel Rod 
Performance Codes during Ramps: 
Results of a Code Benchmark Based on 
the SCIP Project, L.E. Herranz, I. Vallejo 
(CIEMAT-Sapin), G. Khvostov (PSI-
Switzerland), J. Sercombe (CEA-France), 
G. Zhou (Wes�nghouse-Sweden)
11:10
2156 Power Transient Tests of High 
Burnup Fe-Enhanced Zr Liner Rodlets, 
Petra Bri� Hoffmann, Peter Dewes 
(AREVA NP-Germany)
11:30
2164 Development Fracture Mechanics 
Method to Evaluate Iodine Stress 
Corrosion Cracking of Zirconium Alloys, 

T.A. Angeliu, B. Kallenburg, D.B. Knorr, 
J.D. Ballard (Knolls Atomic Power 
Laboratory-USA)
11:50
2148 A New Material Cons�tu�ve 
Model for Predic�ng Cladding Failure, 
Joe Rashid (ANATECH-USA), Mark 
Rashid (Univ of California Davis-USA), 
Albert Machiels (EPRI-USA), Robert 
Dunham (ANATECH-USA)
12:10
2096 Mul�-dimensional Modeling 
of PCMI during Base Irradia�on and 
Ramp Tes�ng with ALCYONE V1.1, J. 
Sercombe, B. Michel (CEA-France), 
G. Thouvenin (EDF-R&D-France), B. 
Pe�tprez, R. Chatelet, D. Leboulch, C. 
Nonon (CEA-France)

3.11 Zirconium Alloys Behavior-I
Session Chairs: Alain Frichet (AREVA-
France), Yong-Hwan Jeong (KAERI-
Korea) - Room: 341
10:30
2049 The Characteriza�on of Oxide 
Layer of Zirconium-based Alloys 
Focusing on Hydrogen Absorp�on 
Behavior, K. Une, S. Ishimoto, K. 
Sakamoto, Y. Etoh, M. Aomi (Nippon 
Nuclear Fuel Development Co.-Japan), 
K. Ito (Global Nuclear Fuel Japan Co.-
Japan)
10:50
2081 An Analy�cal Approach to 
Assess the Effect of Addi�ves on the 
Suscep�bility of Zirconium Alloys to 
Nodular Corrosion, V.V. Likhanskii, I.A. 
Evdokimov (SRC RF TRINITI-Russia)
11:10
2136 Hydrogen Pick Up Frac�on for 
ZIRLO™ Cladding Corrosion and Resul�ng 
Impact on the Cladding Integrity, Anand 
M. Garde, William H. Slagle, David 
Mitchell (Wes�nghouse-USA)
11:30
2007 Characteriza�on of VVER-1000 
Fuel Rods A�er Their Tes�ng Under 
Steady-State Condi�ons at Increased 
Power and Surface Boiling, A. Burukin, 
D. Markov, V. Ovchinnikov, К. Borisov, A. 
Kostyuchenko (JSC SSC RIAR-Russia)
11:50
2078 A Micro-structural Analysis of 
the Metal-oxide Interface Formed 
on Oxidized Zirconium Alloys, Seung-
beom Son (KNFC-Korea), Yong-soo Kim 
(Hanyang Univ-Korea), Yong-hwan 
Jeong (KAERI-Korea), Ki-young Kim, 
Sung-tae Yang (Nuclear Engineering & 
Technology Ins�tute-Korea)

12:10
2077 The Hydrogen Pickup Behavior 
for Zirconium-based Alloys in Various 
Out-of-pile Corrosion Test Condi�ons, 
M. Aomi, Y. Etoh, S. Ishimoto, K. Une 
(Nippon Nuclear Fuel Development-
Japan), K. Ito (Global Nuclear Fuel 
Japan-Japan)

4.02 Transporta�on
Session Chairs: Lorne Green (WNTI-
UK), San�ago San Antonio (Foratom-
Belgium) - Room: 352B
10:30
9405 Transport of MOX Fuel: A 
Con�nuous Challenge, Camille O�on, 
Thierry Lallemant (TN Interna�onal-
France)
10:50
9498 Transporta�on Ac�vi�es for BWR 
Fuels at NFI, S. Uchikawa, H. Kishita, H. 
Ide, M. Owaki, K. Ohira (Nuclear Fuel 
Industries-Japan)
11:10
9262 Waste Transporta�on from 
Produc�on Sites to Deep Geological 
Repository, Alain Roulet, Thibaud 
Labale�e (ANDRA-France)
11:30
9155 Transporta�on of PWR Spent 
Nuclear Fuel in Korea, Keecheol Park, 
Sunghwan Chung (KHNP-Korea)
11:50
9497 Inter-Unit Spent Fuel 
Transporta�on with a Modified Storage 
Cask System, Shih-Chung Cheng, Nan-
Chang Chang, Yu-Tang Yang, Chin-Cheng 
Huang (Ins�tute of Nuclear Energy 
Research-Taiwan)
12:10
9479 Preparing and Transpor�ng of 
Spent Nuclear Fuel of VVR-2 Research 
Reactor, RRC “Kurchatov Ins�tute”, V.G. 
Volkov, A.A. Drozdov, E.P. Evs�gneev, S.G. 
Semenov (RRC Kurchatov Ins�tute-Russia)

5.01 Innova�ve Fuels-II
Session Chairs: Yang-Hyun Koo (KAERI-
Korea), Jean-Claude Thiéblemont (CEA-
France) - Room: 362
10:30
2189 Addi�on of Erbium as a Neutronic 
Burnable Poison in Zirconium 
Base Nuclear Fuel Cladding Tube, 
J.-C. Brachet, P. Olier, S. Urvoy, V. 
Vandenberghe, C. Chabert (CEA-France)
10:50
2058 Fuel for VVER-1200 New Russian 
Reactor, I.N. Vasilchenko, V.V. Vialitsin, 
V.A. Mokhov, S.B. Ryzhov (OKB 

GIDROPRESS-Russia), S.E. Volkov, V.M 
Troyanov, V.L. Molchanov (JSC TVEL-
Russia), V.V. Novikov (JSC VNIINM-Russia)
11:10
2016 Study of the Mechanism of Mixed 
Carbides Synthesis by Carbothermic 
Reduc�on of UO2 and PuO2 Mixture, 
A. Handschuh, S. Vaudez, S. Dubois 
(CEA Cadarache-France), G. Leturcq, 
S. Grandjean (CEA Marcoule-France), 
F. Abraham (UCCS-Equipe Chimie du 
Solide-France)
11:30
2005 Assessment of Cold Composite 
Fuels for PWRs, E. Coulon-Picard, 
M. Agard, A. Boulore, E. Castelier, C. 
Chabert, A. Con�, PE. Frayssines, P. 
Matheron, M. Phelip, M. Pelle�er (CEA 
- Cadarache- France)
11:50
2002 Fuel of Novel Genera�on for VVER 
and PWR, A.M. Savchenko, A.V. Vatulin, 
V.M. Troyanov, I.I. Konovalov, E.M. 
Glagovsky, V.V. Novikov, A.V. Morozov, 
V.I. Sorokin (VNIINM-Russia)

Free time for Lunch

• 14:00-15:30

TECHNICAL SESSIONS 
(IN PARALLEL)
1.03 Reliability Improvement-I
Session Chairs: TBA - Room: 364
14:00
2194 Preliminary Results of the IAEA 
Review on Fuel Failures in Water Cooled 
Reactors, D. Dangouleme (EDF-France), 
V. Inozemtsev (IAEA), K. Kamimura 
(JNES-Japan), J. Killeen (IAEA), A. Kucuk 
(EPRI-USA), V. Novikov (VNIINM-Russia), 
V. Onufriev (Consultant-Austria), M. 
Tayal (AECL-Canada)
14:20
2119 Maintaining and Improving 
Fuel Reliability, Bri�a Helmersson 
(Wes�nghouse-Sweden), Michael 
Young, Gunnar Wikmark, Patrick Hahn 
(Wes�nghouse-USA)
14:40
2092 Results of Post-Irradia�on 
Examina�ons for BWR Failure Rods, 
Wan-June Chiu, Shih-Chung Cheng, Yaw-
Hwa Shiu, Che-Chung Tseng (Ins�tute of 
Nuclear Energy Research-Taiwan)
15:00
2044 Recent U.S. Fuel Reliability 
Experience, K. Edsinger, A. Kucuk, J. 
Deshon, E. Mader, B. Cheng, S. Yagnik, 

R. Daum, B. Schimmoller (EPRI-USA)

2.01 Transient Fuel Behavior - In Pile 
Behavior-I
Session Chairs: Javier Riverola (ENUSA-
Spain), Jinzhao Zhang (GDF-SUEZ 
Tractebel-Belgium)- Room: 342A
14:00
2085 A Dynamic Model for Fission 
Gas Release and Gaseous Swelling 
Integrated into the FALCON Fuel 
Analysis and Licensing Code, G. 
Khvostov (PSI-Switzerland)
14:20
2072 Enhancing the ABAQUS 
Thermomechanics Code to Simulate 
Steady and Transient Fuel Rod Behavior, 
R.L. Williamson, D.A. Knoll (INL-USA)
14:40
2173 Applying Advanced Neutron 
Transport Calcula�ons for Improving 
Fuel Performance Codes, P. Botazzoli, 
L. Luzzi (Politecnico di Milano-Italy), A. 
Schubert, P. Van Uffelen (EC JRC Ins�tute 
for Transuranium Elements-Germany), 
W. Haeck (Ins�tute de Radioprotec�on 
et de Sûreté Nucléaire-France)
15:00
2186 Simula�on of Power Ramp 
Tested LWR Fuel Rods by Means of 
the TRANSURANUS Code, G. Pastore, 
P. Botazzoli, V. Di Marcello, L. Luzzi 
(Politecnico di Milano-Italy)
15:20
2067 New Release of Fuel Performance 
Codes, FRAPCON-3.4 and FRAPTRAN 
1.4, Ken Geelhood, Carl Beyer, Walter 
Luscher (PNNL-USA)

3.09 Tes�ng Methods & Test Facili�es-I
Session Chairs: D. Gilbon (CEA-France), 
S. Grigoriev (Studsvik-Sweden) 
Room: 341
14:00
2039 Advanced Fuel/Cladding Tes�ng 
Capabili�es in the ORNL High Flux 
Isotope Reactor, L.J. O�, B.B. Bevard, 
R.L. Ellis, J.L. Mcduffee, D.J. Spellman 
(ORNL-USA)
14:20
2179 An Out-of-Pile Method to 
Inves�gate Iodine-induced SCC of 
Irradiated Cladding, Clara Anghel, Anna-
Maria Alvarez Holston, Gunnar Lysell, 
Robert Jakobsson, Sören Karlsson, Johan 
Flygare, Eva Sund (Studsvik Nuclear AB-
Sweden), Sheikh T. Mahmood (Global 
Nuclear Fuel-USA)

14:40
2090 Characteriza�on of the 
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• 8:30 – 10:00

PLENARY 2 Room: BORDEAUX
(Plenary Session Shared with 
WRFPM/Top Fuel)
Advanced Nuclear Fuel Cycles: 
Which Options, Which 
Strategies? 
Chaired by Mr Daniel Leroy, EDF
With the participation of: 
Mr Frank Carre (CEA), Mr Hans 
Forsström (IAEA), Mr Sylvain Granger 
(EDF),   Mr Denis Hugelmann (AREVA), 
Mr Isami Kojima (JNFL), Mr Paul Lisowski 
(US DOE)

and Announcement of the 2010 
LWR Fuel Performance Meeting/
TopFuel
September 26-29, 2010 
Orlando, Florida, USA, 
Hyatt Regency Grand Cypress
www.fuel.ans.org/fuel10/

• 10:00 – 10:30

COFFEE BREAK - Exhibition Area

• 10:30 – 12:30

TECHNICAL SESSIONS 
(IN PARALLEL)
2.05 Transient Fuel Behavior: PCI-I
Session Chairs: David Mitchell 
(Wes�nghouse-USA), Nadine Hollasky 
(AVN-Belgium) - Room: 342A
10:30
2125 PCI Analysis and Fuel Rod Failure 
Predic�on using FALCON, William 
Lyon, Robert Montgomery, Joe Rashid 
(Anatech Corpora�on-USA), Suresh 
Yagnik (EPRI-USA)
10:50
2188 Insights into Fuel Rod 
Performance Codes during Ramps: 
Results of a Code Benchmark Based on 
the SCIP Project, L.E. Herranz, I. Vallejo 
(CIEMAT-Sapin), G. Khvostov (PSI-
Switzerland), J. Sercombe (CEA-France), 
G. Zhou (Wes�nghouse-Sweden)
11:10
2156 Power Transient Tests of High 
Burnup Fe-Enhanced Zr Liner Rodlets, 
Petra Bri� Hoffmann, Peter Dewes 
(AREVA NP-Germany)
11:30
2164 Development Fracture Mechanics 
Method to Evaluate Iodine Stress 
Corrosion Cracking of Zirconium Alloys, 

T.A. Angeliu, B. Kallenburg, D.B. Knorr, 
J.D. Ballard (Knolls Atomic Power 
Laboratory-USA)
11:50
2148 A New Material Cons�tu�ve 
Model for Predic�ng Cladding Failure, 
Joe Rashid (ANATECH-USA), Mark 
Rashid (Univ of California Davis-USA), 
Albert Machiels (EPRI-USA), Robert 
Dunham (ANATECH-USA)
12:10
2096 Mul�-dimensional Modeling 
of PCMI during Base Irradia�on and 
Ramp Tes�ng with ALCYONE V1.1, J. 
Sercombe, B. Michel (CEA-France), 
G. Thouvenin (EDF-R&D-France), B. 
Pe�tprez, R. Chatelet, D. Leboulch, C. 
Nonon (CEA-France)

3.11 Zirconium Alloys Behavior-I
Session Chairs: Alain Frichet (AREVA-
France), Yong-Hwan Jeong (KAERI-
Korea) - Room: 341
10:30
2049 The Characteriza�on of Oxide 
Layer of Zirconium-based Alloys 
Focusing on Hydrogen Absorp�on 
Behavior, K. Une, S. Ishimoto, K. 
Sakamoto, Y. Etoh, M. Aomi (Nippon 
Nuclear Fuel Development Co.-Japan), 
K. Ito (Global Nuclear Fuel Japan Co.-
Japan)
10:50
2081 An Analy�cal Approach to 
Assess the Effect of Addi�ves on the 
Suscep�bility of Zirconium Alloys to 
Nodular Corrosion, V.V. Likhanskii, I.A. 
Evdokimov (SRC RF TRINITI-Russia)
11:10
2136 Hydrogen Pick Up Frac�on for 
ZIRLO™ Cladding Corrosion and Resul�ng 
Impact on the Cladding Integrity, Anand 
M. Garde, William H. Slagle, David 
Mitchell (Wes�nghouse-USA)
11:30
2007 Characteriza�on of VVER-1000 
Fuel Rods A�er Their Tes�ng Under 
Steady-State Condi�ons at Increased 
Power and Surface Boiling, A. Burukin, 
D. Markov, V. Ovchinnikov, К. Borisov, A. 
Kostyuchenko (JSC SSC RIAR-Russia)
11:50
2078 A Micro-structural Analysis of 
the Metal-oxide Interface Formed 
on Oxidized Zirconium Alloys, Seung-
beom Son (KNFC-Korea), Yong-soo Kim 
(Hanyang Univ-Korea), Yong-hwan 
Jeong (KAERI-Korea), Ki-young Kim, 
Sung-tae Yang (Nuclear Engineering & 
Technology Ins�tute-Korea)

12:10
2077 The Hydrogen Pickup Behavior 
for Zirconium-based Alloys in Various 
Out-of-pile Corrosion Test Condi�ons, 
M. Aomi, Y. Etoh, S. Ishimoto, K. Une 
(Nippon Nuclear Fuel Development-
Japan), K. Ito (Global Nuclear Fuel 
Japan-Japan)

4.02 Transporta�on
Session Chairs: Lorne Green (WNTI-
UK), San�ago San Antonio (Foratom-
Belgium) - Room: 352B
10:30
9405 Transport of MOX Fuel: A 
Con�nuous Challenge, Camille O�on, 
Thierry Lallemant (TN Interna�onal-
France)
10:50
9498 Transporta�on Ac�vi�es for BWR 
Fuels at NFI, S. Uchikawa, H. Kishita, H. 
Ide, M. Owaki, K. Ohira (Nuclear Fuel 
Industries-Japan)
11:10
9262 Waste Transporta�on from 
Produc�on Sites to Deep Geological 
Repository, Alain Roulet, Thibaud 
Labale�e (ANDRA-France)
11:30
9155 Transporta�on of PWR Spent 
Nuclear Fuel in Korea, Keecheol Park, 
Sunghwan Chung (KHNP-Korea)
11:50
9497 Inter-Unit Spent Fuel 
Transporta�on with a Modified Storage 
Cask System, Shih-Chung Cheng, Nan-
Chang Chang, Yu-Tang Yang, Chin-Cheng 
Huang (Ins�tute of Nuclear Energy 
Research-Taiwan)
12:10
9479 Preparing and Transpor�ng of 
Spent Nuclear Fuel of VVR-2 Research 
Reactor, RRC “Kurchatov Ins�tute”, V.G. 
Volkov, A.A. Drozdov, E.P. Evs�gneev, S.G. 
Semenov (RRC Kurchatov Ins�tute-Russia)

5.01 Innova�ve Fuels-II
Session Chairs: Yang-Hyun Koo (KAERI-
Korea), Jean-Claude Thiéblemont (CEA-
France) - Room: 362
10:30
2189 Addi�on of Erbium as a Neutronic 
Burnable Poison in Zirconium 
Base Nuclear Fuel Cladding Tube, 
J.-C. Brachet, P. Olier, S. Urvoy, V. 
Vandenberghe, C. Chabert (CEA-France)
10:50
2058 Fuel for VVER-1200 New Russian 
Reactor, I.N. Vasilchenko, V.V. Vialitsin, 
V.A. Mokhov, S.B. Ryzhov (OKB 

GIDROPRESS-Russia), S.E. Volkov, V.M 
Troyanov, V.L. Molchanov (JSC TVEL-
Russia), V.V. Novikov (JSC VNIINM-Russia)
11:10
2016 Study of the Mechanism of Mixed 
Carbides Synthesis by Carbothermic 
Reduc�on of UO2 and PuO2 Mixture, 
A. Handschuh, S. Vaudez, S. Dubois 
(CEA Cadarache-France), G. Leturcq, 
S. Grandjean (CEA Marcoule-France), 
F. Abraham (UCCS-Equipe Chimie du 
Solide-France)
11:30
2005 Assessment of Cold Composite 
Fuels for PWRs, E. Coulon-Picard, 
M. Agard, A. Boulore, E. Castelier, C. 
Chabert, A. Con�, PE. Frayssines, P. 
Matheron, M. Phelip, M. Pelle�er (CEA 
- Cadarache- France)
11:50
2002 Fuel of Novel Genera�on for VVER 
and PWR, A.M. Savchenko, A.V. Vatulin, 
V.M. Troyanov, I.I. Konovalov, E.M. 
Glagovsky, V.V. Novikov, A.V. Morozov, 
V.I. Sorokin (VNIINM-Russia)

Free time for Lunch

• 14:00-15:30

TECHNICAL SESSIONS 
(IN PARALLEL)
1.03 Reliability Improvement-I
Session Chairs: TBA - Room: 364
14:00
2194 Preliminary Results of the IAEA 
Review on Fuel Failures in Water Cooled 
Reactors, D. Dangouleme (EDF-France), 
V. Inozemtsev (IAEA), K. Kamimura 
(JNES-Japan), J. Killeen (IAEA), A. Kucuk 
(EPRI-USA), V. Novikov (VNIINM-Russia), 
V. Onufriev (Consultant-Austria), M. 
Tayal (AECL-Canada)
14:20
2119 Maintaining and Improving 
Fuel Reliability, Bri�a Helmersson 
(Wes�nghouse-Sweden), Michael 
Young, Gunnar Wikmark, Patrick Hahn 
(Wes�nghouse-USA)
14:40
2092 Results of Post-Irradia�on 
Examina�ons for BWR Failure Rods, 
Wan-June Chiu, Shih-Chung Cheng, Yaw-
Hwa Shiu, Che-Chung Tseng (Ins�tute of 
Nuclear Energy Research-Taiwan)
15:00
2044 Recent U.S. Fuel Reliability 
Experience, K. Edsinger, A. Kucuk, J. 
Deshon, E. Mader, B. Cheng, S. Yagnik, 

R. Daum, B. Schimmoller (EPRI-USA)

2.01 Transient Fuel Behavior - In Pile 
Behavior-I
Session Chairs: Javier Riverola (ENUSA-
Spain), Jinzhao Zhang (GDF-SUEZ 
Tractebel-Belgium)- Room: 342A
14:00
2085 A Dynamic Model for Fission 
Gas Release and Gaseous Swelling 
Integrated into the FALCON Fuel 
Analysis and Licensing Code, G. 
Khvostov (PSI-Switzerland)
14:20
2072 Enhancing the ABAQUS 
Thermomechanics Code to Simulate 
Steady and Transient Fuel Rod Behavior, 
R.L. Williamson, D.A. Knoll (INL-USA)
14:40
2173 Applying Advanced Neutron 
Transport Calcula�ons for Improving 
Fuel Performance Codes, P. Botazzoli, 
L. Luzzi (Politecnico di Milano-Italy), A. 
Schubert, P. Van Uffelen (EC JRC Ins�tute 
for Transuranium Elements-Germany), 
W. Haeck (Ins�tute de Radioprotec�on 
et de Sûreté Nucléaire-France)
15:00
2186 Simula�on of Power Ramp 
Tested LWR Fuel Rods by Means of 
the TRANSURANUS Code, G. Pastore, 
P. Botazzoli, V. Di Marcello, L. Luzzi 
(Politecnico di Milano-Italy)
15:20
2067 New Release of Fuel Performance 
Codes, FRAPCON-3.4 and FRAPTRAN 
1.4, Ken Geelhood, Carl Beyer, Walter 
Luscher (PNNL-USA)

3.09 Tes�ng Methods & Test Facili�es-I
Session Chairs: D. Gilbon (CEA-France), 
S. Grigoriev (Studsvik-Sweden) 
Room: 341
14:00
2039 Advanced Fuel/Cladding Tes�ng 
Capabili�es in the ORNL High Flux 
Isotope Reactor, L.J. O�, B.B. Bevard, 
R.L. Ellis, J.L. Mcduffee, D.J. Spellman 
(ORNL-USA)
14:20
2179 An Out-of-Pile Method to 
Inves�gate Iodine-induced SCC of 
Irradiated Cladding, Clara Anghel, Anna-
Maria Alvarez Holston, Gunnar Lysell, 
Robert Jakobsson, Sören Karlsson, Johan 
Flygare, Eva Sund (Studsvik Nuclear AB-
Sweden), Sheikh T. Mahmood (Global 
Nuclear Fuel-USA)

14:40
2090 Characteriza�on of the 
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Crud Layer on BWR Cladding, A.V. 
Orlov, R. Bruetsch, C. Degueldre 
(PSI-Switzerland), G. Ledergerber 
(Kernkra�werk Leibstadt AG-
Switzerland), L. Hallstadius 
(Wes�nghouse-Sweden)
15:00
2103 The Influence of Non-standard 
Tes�ng on Fracture Toughness of Fuel 
Cladding, Johannes Bertsch, Robert 
Zubler (PSI-Switzerland)
15:20
2046 Measurement of the Stress 
Developed in ZrO2 Thin Film, Jeong-nam 
Jang, Yong-hwan Jeong (KAERI-Korea), 
Yong-soo Kim (Hanyang Univ-Korea)

• 15:30 – 16:00

COFFEE BREAK - Exhibition Area

 • 16:00-18:00

POSTER SESSION
Room: Hall Bordeaux

1.05 Fuel Performance, Reliability 
and Opera�onal Experience (Poster 
Session) - Room: Hall Bordeaux
2048 Advanced PWR Fuel Design & 
Opera�ng Experience, YongHwan Kim, 
Sang Yoon Jeon, Young Ki Jang, Kyeong 
Lak Jeon (KNF-Korea), KeeHyun Kang, 
SeungTae Yang, TaeWan Kim (KHNP-
Korea)
2161 Fuel Services Progress in Visual 
Examina�on and Measurments on 
Fuel Assemblies and Associated Core 
Components, Jairo Arias (AREVA NP 
SAS-France), Wolfgang Hummel (AREVA 
NP GmbH-Germany)
2097 Poolside Fuel Inspec�on 
Experience and Development in NFI, 
Susumu Otomo, Tatsuo Seki, Kentaro 
Kataoka, Koichi Ohira (Nuclear Fuel 
Industries, LTD.-Japan)
2015 Impact of Water Chemistry 
Opera�ons on the Deposit of Corrosion 
Products in the Fuel Assemblies at Paks 
Nuclear Power Plant, Árpád Doma (Paks 
Nuclear Power Plant-Hungary)

2.04 Transient Fuel Behavior: In Pile 
Behavior-IV (Poster Session)
Room: Hall Bordeaux
2074 Effect of Hydride on the ISCC 
Crack Ini�a�on and Propaga�on in the 
High Burnup-simulated Nuclear Fuel 
Cladding, Sang Yoon Park, Byoung Kwon 

Choi, Joung-Yong Park, Yong Hwan 
Jeong (KAERI-Korea)
2152 Reassessment of UO2+x Mel�ng 
through Experimental and Theore�cal 
Work, M.J. Welland (Royal Military 
College of Canada, Ins�tute for 
Transuranium Elements-Germany), M.H. 
Piro (Royal Military College of Canada), 
D. Manara (Ins�tute for Transuranium 
Elements-Germany), W.T. Thompson, 
B.J. Lewis (Royal Military College of 
Canada), R.J.M. Konings (Ins�tute for 
Transuranium Elements-Germany)
2176 FUMEX-III: A New IAEA 
Coordinated Research Project on Fuel 
Modelling at Extended Burnup, J. 
Killeen (IAEA), E. Sartori (OECD/NEA-
France), T Tverberg (Halden Reactor 
Project-Norway)
2169 Relap5/Parcsv2.7 Qualifica�on for 
BWR Stability Simula�ons: Applica�on 
to Peach Bo�om NPP, T. Barrachina, R. 
Miró, A. Soler, G. Verdú (Polytechnic 
Univ of Valencia-Spain)
2147 Newly-designed Capsules for 
Fuel Ramp Tests in the JMTR, Satoshi 
Hanawa, Jin Ogiyanagi, Yoshitomo 
Inaba, Hideo Sasajima, Jin Nakamura, 
Takehiko Nakamura (JAEA-Japan)
2094 OSIRIS Reactor: A Major Tool 
for Fuel and Material Irradia�ons, 
Stephane Loubiere, Philippe Durande-
Ayme (CEA-France)
2036 Effect of CANDU Fuel Bundle 
Modelling on Severe Accident Analysis, 
Daniel Dupleac (Politehnica Univ-
Romania), Mirea Mladin (Ins�tute 
for Nuclear Research-Romania), Ilie 
Prisecaru (Politehnica Univ-Romania)
2178 Implementa�on of Control Rod 
Movement and Boron Injec�on Op�ons 
by Using Control Variables in Relap5/
Parcs v2.7 Coupled Code, R. Miró, T. 
Barrachina, G. Verdú (Polytechnic Univ 
of Valencia-Spain), C. Pereira (Univ 
Federal de Minas Gerais-Brazil), J.C. 
Mar�nez-Murillo (CNAT-Spain)
2150 Thermodynamic Assessment of 
the Solidus and Liquidus of Uranium-
Gadolinium Fuels, S.G. Popov, V.N. 
Proselkov (Kurchatov Ins�tute-Russia)
2167 Development and Valida�on of 
the FEM Based Global Fuel Rod Analyzer 
FRA-TF_Global, Mar�n Dostál, Mojmír 
Valach, Jiří Zymák (Nuclear Research 
Ins�tute Řež plc-Czech Republic)
2017 Modeling of Diffusive Release 
of Radioac�ve Fission Products from 

Nuclear Fuel in the Framework of SFPR 
Code, V.I. Tarasov, V.D. Ozrin, M.S. 
Veshchunov (IBRAE-Russia)

2.06 Transient Fuel Behavior: PCI-II 
(Poster Session) Room: Hall Bordeaux
2025 High Performance Compu�ng 
of PWR Simula�ons with Fuel Code 
CYRANO3 Running on IBM System Blue 
Gene/P, G. Thouvenin, P. Thévenin (EDF 
R&D-France), N. Tallet (IBM PSSC Blue 
Gene Team-France), S. Aunay (DeltaCAD-
France), S. Lemercier (EDF SEPTEN-France)

2.08 Transient Fuel Behavior: RIA-II 
(Poster Session) Room: Hall Bordeaux
2170 Influence of the Thermalhydraulic 
to Neutronic Channel Mapping in a 3D 
REA Analysis with Relap5/Parcs v2.7 at 
Trillo NPP, T. Barrachina, R. Miró, G. Verdú 
(Polytechnic Univ of Valencia-Spain), A. 
Ortego (IBERINCO-Spain), J.C. Mar�nez-
Murillo (Almaraz-Trillo AIE-Spain)
2171 Rod Ejec�on Accident 3D-
Dynamic Analysis in Almaraz NPP with 
Relap5/Parcs v2.7 and Simtab Cross-
Sec�ons Tables, T. Barrachina, R. Miró, 
G. Verdú (Polytechnic Univ of Valencia-
Spain), C. Pereira, C. da Silva (Univ 
Federal de Minas Gerais-Brazil), A. 
Ortego (IBERINCO-Spain), J.C. Mar�nez-
Murillo (Almaraz-Trillo AIE-Spain)

2.10 Transient Fuel Behavior: LOCA-II 
(Poster Session) Room: Hall Bordeaux
2138 Duc�le-to-Bri�le Transi�on 
Behavior of the HANA Claddings a�er 
LOCA Simulated Oxida�on and Water 
Quenching Test, Hyun-Gil Kim, Jeong-
Yong Park, Yong-Hwan Jeong (KAERI-
Korea)
2026 Evalua�on of ECR and PCT in 
Balloon Region Under LOCA Condi�ons 
of the Halden IFA 650 Tests (Single Rod 
Tests), Yolanda Tofiño, Alberto Concejal, 
Pablo J. García Sedano (Iberdrola-Spain)

2137 A Procedure to Address the Fuel 
Rod Failures during LB-LOCA Transient 
in Atucha-2 NPP, Mar�na Adorni, 
Alessandro Del Nevo, Carlo Parisi, 
Francesco D’Auria (Univ of Pisa-Italy), 
Oscar Mazzan�ni (Nucleoeléctrica 
Argen�na S.A.-Argen�na)
2192 A Review of Past and Present Reactor 
Safety Evalua�ons in Loss of Coolant 
Accidents, Ken Yueh, Kurt Edsinger (EPRI-
USA), Robert Montgomery, John Alvis 
(ANATECH Corp.-USA)

2131 Embri�lement Evalua�on of Oxidized 
Fuel Cladding and Spent Fuel Cladding 
by Ring Compression Test, Sun-Ki Kim, 
Je-Geon Bang, Dae-Ho Kim, Ik-Sung Lim, 
Yong-Sik Yang, Kun-Woo Song, Do-Sik Kim, 
Hang-Seok Seo (KAERI-Korea)

3.02 Core Design and Leaking Fuel 
Monitoring Analysis-II (Poster Session)
Room: Hall Bordeaux
2146 Leaching Studies on ACR-
1000 Fuel under Reactor Opera�ng 
Condi�ons, S. Sunder (AECL-Canada)
2066 Pla�orm-Based Modelling of 
Intact and Defec�ve Fuel Behaviour, 
K. Shaheen, B.J. Lewis (Royal Military 
College of Canada)
2027 Verifica�on of Assembly 
Head Coolant Mixing Model Using 
Opera�onal Data of Paks NPP, Imre 
Nemes (Paks NPP-Hungary)

3.05 FA Development & Global FA 
Behavior-III (Poster Session)
Room: Hall Bordeaux
2139 GNF2 Advance Fuel Design, 
Licensing and Opera�on at Cofrentes 
NPP, Pedro Mata (Iberdrola Generación-
Spain), Jose Melara (Iberdrola Ingeniería 
y Construcción-Spain)
2134 EDF Methodology to Qualify New 
Products Regarding Grid to Rod Fre�ng 
Performance, Coren�n Richard (EDF 
SEPTEN-France)
2110 Advances in Forecas�ng and 
Preven�on of Resonances Between Coolant 
Acous�cal Oscilla�ons and Fuel Rod 
Vibra�ons, K.N. Proskuryakov (MPEI-Russia)

3.10 Tes�ng Methods & Test Facili�es-II 
(Poster Session) Room: Hall Bordeaux
2175 Opera�on of Fuel Test Loop for 
Passiva�on, Sung Ho Ahn, Jong Min Lee, 
Su Ki Park, Dae Young Chi, Bong Sik Sim, 
Chung Young Lee, Young Ki Kim, Kye 
Hong Lee (KAERI-Korea)
2111 New Method to Calculate the 
Mechanical Proper�es of Unirradiated 
Hydrogen-charged Fuel Cladding from 
Ring Tensile Tests, M.A. Mar�n-Rengel 
(Univ Politecnica de Madrid, Consejo de 
Seguridad Nuclear-Spain), F.J. Gomez, 
J. Ruiz-Hervias, L. Caballero, A. Valiente 
(Univ Politecnica de Madrid-Spain)
2042 Development of Commercial 
Length Nuclear Fuel Post-Irradia�on 
Examina�on Capabili�es at the 
Oak Ridge Na�onal Laboratory, D.J. 
Spellman, B.B. Bevard, J.B. Chesser, L.J. 

O�, R.N. Morris (ORNL-USA)
2041 An Expanding Plug Test Method for 
Determining Hoop Stress-Strain Curves 
of Irradiated Nuclear Fuel Cladding, B.B. 
Bevard, T.-L. Sham, J.G. Merkle, L.J. O�, 
D.J. Spellman (ORNL-USA)
2029 Fast Fusion of an Oxide Nuclear 
Fuel with Certain Metallic Fluxes Under 
an Inert Gas Atmosphere Using an 
Electrode Furnace, S.D. Park, Y.S. Park, 
J.S. Kim, Y.K. Ha, K. Song (KAERI-Korea)

3.12 Zirconium Alloys Behavior-II 
(Poster Session)  Room: Hall Bordeaux
2132 Lead Test Assemblies (LTA) 
Program Containing New Zirconium-
Niobium Alloys Developed in Japan, 
C Muñoz-Reja Ruiz (ENUSA Industrias 
Avanzadas-Spain), Hajime Fujii 
(Mitsubishi Heavy Industries-Japan)
2130 Characteriza�on of Hoop-
direc�onal Creep Behaviors of Hydrided 
Fuel Cladding and Spent Fuel Cladding, 
Sun-Ki Kim, Je-Geon Bang, Dae-Ho 
Kim, Ik-Sung Lim, Yong-Sik Yang, Kun-
Woo Song, Do-Sik Kim, Hang-Seok Seo 
(KAERI-Korea)
2127 About a Threshold through Defect 
in Zirconium Cladding of the Nuclear 
Fuel Elements, I. Loktev, A.Strukov (JSC 
NCCP-Russia)
2118 Life Extension and Opera�ng 
Characteris�c Improvement of LWR 
Zirconium Components by Surface 
Modifica�on, S.V. Ivanova, E.M. Glagovsky 
(A.A. Bochvar All-Russia Research Ins�tute 
of Inorganic Materials-Russia), I.A. Khazov 
(FSUE-Russia), V.K. Orlov, I.A. Shlepov, K.N. 
Niki�n (A.A. Bochvar All-Russia Research 
Ins�tute of Inorganic Materials-Russia), 
Yu.V. Dubrovsky (FSUE-Russia), E.A. Denisov 
(Research Ins�tutes of Physics of the St.-
Petersburg State Univ-Russia)
2020 Corrosion and Hydrogen Uptake 
Behavior and Modeling for Modern BWR 
Cladding Materials at High Burnup, G. 
Zhou (Wes�nghouse-Sweden), G. Wikmark 
(Wes�nghouse-USA), L. Hallstadius, J. Wright, 
M. Dahlback (Wes�nghouse-Sweden), L.P. 
Brandes (Va�enfall Nuclear Fuel AB-Sweden), 
S. Holcombe, U. We�erholm, A. Lindquist, S. 
Valizadeha (Wes�nghouse-Sweden), Y. Long 
(Wes�nghouse-USA), P. Blair (Wes�nghouse-
Sweden)

5.01 Innova�ve Fuels-III (Poster 
Session) Room: Hall Bordeaux
2181 Inert-matrix for Nuclear Fuel Based 
on Ceramic Materials, Cecilia C. Guedes e 
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Crud Layer on BWR Cladding, A.V. 
Orlov, R. Bruetsch, C. Degueldre 
(PSI-Switzerland), G. Ledergerber 
(Kernkra�werk Leibstadt AG-
Switzerland), L. Hallstadius 
(Wes�nghouse-Sweden)
15:00
2103 The Influence of Non-standard 
Tes�ng on Fracture Toughness of Fuel 
Cladding, Johannes Bertsch, Robert 
Zubler (PSI-Switzerland)
15:20
2046 Measurement of the Stress 
Developed in ZrO2 Thin Film, Jeong-nam 
Jang, Yong-hwan Jeong (KAERI-Korea), 
Yong-soo Kim (Hanyang Univ-Korea)

• 15:30 – 16:00

COFFEE BREAK - Exhibition Area

 • 16:00-18:00

POSTER SESSION
Room: Hall Bordeaux

1.05 Fuel Performance, Reliability 
and Opera�onal Experience (Poster 
Session) - Room: Hall Bordeaux
2048 Advanced PWR Fuel Design & 
Opera�ng Experience, YongHwan Kim, 
Sang Yoon Jeon, Young Ki Jang, Kyeong 
Lak Jeon (KNF-Korea), KeeHyun Kang, 
SeungTae Yang, TaeWan Kim (KHNP-
Korea)
2161 Fuel Services Progress in Visual 
Examina�on and Measurments on 
Fuel Assemblies and Associated Core 
Components, Jairo Arias (AREVA NP 
SAS-France), Wolfgang Hummel (AREVA 
NP GmbH-Germany)
2097 Poolside Fuel Inspec�on 
Experience and Development in NFI, 
Susumu Otomo, Tatsuo Seki, Kentaro 
Kataoka, Koichi Ohira (Nuclear Fuel 
Industries, LTD.-Japan)
2015 Impact of Water Chemistry 
Opera�ons on the Deposit of Corrosion 
Products in the Fuel Assemblies at Paks 
Nuclear Power Plant, Árpád Doma (Paks 
Nuclear Power Plant-Hungary)

2.04 Transient Fuel Behavior: In Pile 
Behavior-IV (Poster Session)
Room: Hall Bordeaux
2074 Effect of Hydride on the ISCC 
Crack Ini�a�on and Propaga�on in the 
High Burnup-simulated Nuclear Fuel 
Cladding, Sang Yoon Park, Byoung Kwon 

Choi, Joung-Yong Park, Yong Hwan 
Jeong (KAERI-Korea)
2152 Reassessment of UO2+x Mel�ng 
through Experimental and Theore�cal 
Work, M.J. Welland (Royal Military 
College of Canada, Ins�tute for 
Transuranium Elements-Germany), M.H. 
Piro (Royal Military College of Canada), 
D. Manara (Ins�tute for Transuranium 
Elements-Germany), W.T. Thompson, 
B.J. Lewis (Royal Military College of 
Canada), R.J.M. Konings (Ins�tute for 
Transuranium Elements-Germany)
2176 FUMEX-III: A New IAEA 
Coordinated Research Project on Fuel 
Modelling at Extended Burnup, J. 
Killeen (IAEA), E. Sartori (OECD/NEA-
France), T Tverberg (Halden Reactor 
Project-Norway)
2169 Relap5/Parcsv2.7 Qualifica�on for 
BWR Stability Simula�ons: Applica�on 
to Peach Bo�om NPP, T. Barrachina, R. 
Miró, A. Soler, G. Verdú (Polytechnic 
Univ of Valencia-Spain)
2147 Newly-designed Capsules for 
Fuel Ramp Tests in the JMTR, Satoshi 
Hanawa, Jin Ogiyanagi, Yoshitomo 
Inaba, Hideo Sasajima, Jin Nakamura, 
Takehiko Nakamura (JAEA-Japan)
2094 OSIRIS Reactor: A Major Tool 
for Fuel and Material Irradia�ons, 
Stephane Loubiere, Philippe Durande-
Ayme (CEA-France)
2036 Effect of CANDU Fuel Bundle 
Modelling on Severe Accident Analysis, 
Daniel Dupleac (Politehnica Univ-
Romania), Mirea Mladin (Ins�tute 
for Nuclear Research-Romania), Ilie 
Prisecaru (Politehnica Univ-Romania)
2178 Implementa�on of Control Rod 
Movement and Boron Injec�on Op�ons 
by Using Control Variables in Relap5/
Parcs v2.7 Coupled Code, R. Miró, T. 
Barrachina, G. Verdú (Polytechnic Univ 
of Valencia-Spain), C. Pereira (Univ 
Federal de Minas Gerais-Brazil), J.C. 
Mar�nez-Murillo (CNAT-Spain)
2150 Thermodynamic Assessment of 
the Solidus and Liquidus of Uranium-
Gadolinium Fuels, S.G. Popov, V.N. 
Proselkov (Kurchatov Ins�tute-Russia)
2167 Development and Valida�on of 
the FEM Based Global Fuel Rod Analyzer 
FRA-TF_Global, Mar�n Dostál, Mojmír 
Valach, Jiří Zymák (Nuclear Research 
Ins�tute Řež plc-Czech Republic)
2017 Modeling of Diffusive Release 
of Radioac�ve Fission Products from 

Nuclear Fuel in the Framework of SFPR 
Code, V.I. Tarasov, V.D. Ozrin, M.S. 
Veshchunov (IBRAE-Russia)

2.06 Transient Fuel Behavior: PCI-II 
(Poster Session) Room: Hall Bordeaux
2025 High Performance Compu�ng 
of PWR Simula�ons with Fuel Code 
CYRANO3 Running on IBM System Blue 
Gene/P, G. Thouvenin, P. Thévenin (EDF 
R&D-France), N. Tallet (IBM PSSC Blue 
Gene Team-France), S. Aunay (DeltaCAD-
France), S. Lemercier (EDF SEPTEN-France)

2.08 Transient Fuel Behavior: RIA-II 
(Poster Session) Room: Hall Bordeaux
2170 Influence of the Thermalhydraulic 
to Neutronic Channel Mapping in a 3D 
REA Analysis with Relap5/Parcs v2.7 at 
Trillo NPP, T. Barrachina, R. Miró, G. Verdú 
(Polytechnic Univ of Valencia-Spain), A. 
Ortego (IBERINCO-Spain), J.C. Mar�nez-
Murillo (Almaraz-Trillo AIE-Spain)
2171 Rod Ejec�on Accident 3D-
Dynamic Analysis in Almaraz NPP with 
Relap5/Parcs v2.7 and Simtab Cross-
Sec�ons Tables, T. Barrachina, R. Miró, 
G. Verdú (Polytechnic Univ of Valencia-
Spain), C. Pereira, C. da Silva (Univ 
Federal de Minas Gerais-Brazil), A. 
Ortego (IBERINCO-Spain), J.C. Mar�nez-
Murillo (Almaraz-Trillo AIE-Spain)

2.10 Transient Fuel Behavior: LOCA-II 
(Poster Session) Room: Hall Bordeaux
2138 Duc�le-to-Bri�le Transi�on 
Behavior of the HANA Claddings a�er 
LOCA Simulated Oxida�on and Water 
Quenching Test, Hyun-Gil Kim, Jeong-
Yong Park, Yong-Hwan Jeong (KAERI-
Korea)
2026 Evalua�on of ECR and PCT in 
Balloon Region Under LOCA Condi�ons 
of the Halden IFA 650 Tests (Single Rod 
Tests), Yolanda Tofiño, Alberto Concejal, 
Pablo J. García Sedano (Iberdrola-Spain)

2137 A Procedure to Address the Fuel 
Rod Failures during LB-LOCA Transient 
in Atucha-2 NPP, Mar�na Adorni, 
Alessandro Del Nevo, Carlo Parisi, 
Francesco D’Auria (Univ of Pisa-Italy), 
Oscar Mazzan�ni (Nucleoeléctrica 
Argen�na S.A.-Argen�na)
2192 A Review of Past and Present Reactor 
Safety Evalua�ons in Loss of Coolant 
Accidents, Ken Yueh, Kurt Edsinger (EPRI-
USA), Robert Montgomery, John Alvis 
(ANATECH Corp.-USA)

2131 Embri�lement Evalua�on of Oxidized 
Fuel Cladding and Spent Fuel Cladding 
by Ring Compression Test, Sun-Ki Kim, 
Je-Geon Bang, Dae-Ho Kim, Ik-Sung Lim, 
Yong-Sik Yang, Kun-Woo Song, Do-Sik Kim, 
Hang-Seok Seo (KAERI-Korea)

3.02 Core Design and Leaking Fuel 
Monitoring Analysis-II (Poster Session)
Room: Hall Bordeaux
2146 Leaching Studies on ACR-
1000 Fuel under Reactor Opera�ng 
Condi�ons, S. Sunder (AECL-Canada)
2066 Pla�orm-Based Modelling of 
Intact and Defec�ve Fuel Behaviour, 
K. Shaheen, B.J. Lewis (Royal Military 
College of Canada)
2027 Verifica�on of Assembly 
Head Coolant Mixing Model Using 
Opera�onal Data of Paks NPP, Imre 
Nemes (Paks NPP-Hungary)

3.05 FA Development & Global FA 
Behavior-III (Poster Session)
Room: Hall Bordeaux
2139 GNF2 Advance Fuel Design, 
Licensing and Opera�on at Cofrentes 
NPP, Pedro Mata (Iberdrola Generación-
Spain), Jose Melara (Iberdrola Ingeniería 
y Construcción-Spain)
2134 EDF Methodology to Qualify New 
Products Regarding Grid to Rod Fre�ng 
Performance, Coren�n Richard (EDF 
SEPTEN-France)
2110 Advances in Forecas�ng and 
Preven�on of Resonances Between Coolant 
Acous�cal Oscilla�ons and Fuel Rod 
Vibra�ons, K.N. Proskuryakov (MPEI-Russia)

3.10 Tes�ng Methods & Test Facili�es-II 
(Poster Session) Room: Hall Bordeaux
2175 Opera�on of Fuel Test Loop for 
Passiva�on, Sung Ho Ahn, Jong Min Lee, 
Su Ki Park, Dae Young Chi, Bong Sik Sim, 
Chung Young Lee, Young Ki Kim, Kye 
Hong Lee (KAERI-Korea)
2111 New Method to Calculate the 
Mechanical Proper�es of Unirradiated 
Hydrogen-charged Fuel Cladding from 
Ring Tensile Tests, M.A. Mar�n-Rengel 
(Univ Politecnica de Madrid, Consejo de 
Seguridad Nuclear-Spain), F.J. Gomez, 
J. Ruiz-Hervias, L. Caballero, A. Valiente 
(Univ Politecnica de Madrid-Spain)
2042 Development of Commercial 
Length Nuclear Fuel Post-Irradia�on 
Examina�on Capabili�es at the 
Oak Ridge Na�onal Laboratory, D.J. 
Spellman, B.B. Bevard, J.B. Chesser, L.J. 

O�, R.N. Morris (ORNL-USA)
2041 An Expanding Plug Test Method for 
Determining Hoop Stress-Strain Curves 
of Irradiated Nuclear Fuel Cladding, B.B. 
Bevard, T.-L. Sham, J.G. Merkle, L.J. O�, 
D.J. Spellman (ORNL-USA)
2029 Fast Fusion of an Oxide Nuclear 
Fuel with Certain Metallic Fluxes Under 
an Inert Gas Atmosphere Using an 
Electrode Furnace, S.D. Park, Y.S. Park, 
J.S. Kim, Y.K. Ha, K. Song (KAERI-Korea)

3.12 Zirconium Alloys Behavior-II 
(Poster Session)  Room: Hall Bordeaux
2132 Lead Test Assemblies (LTA) 
Program Containing New Zirconium-
Niobium Alloys Developed in Japan, 
C Muñoz-Reja Ruiz (ENUSA Industrias 
Avanzadas-Spain), Hajime Fujii 
(Mitsubishi Heavy Industries-Japan)
2130 Characteriza�on of Hoop-
direc�onal Creep Behaviors of Hydrided 
Fuel Cladding and Spent Fuel Cladding, 
Sun-Ki Kim, Je-Geon Bang, Dae-Ho 
Kim, Ik-Sung Lim, Yong-Sik Yang, Kun-
Woo Song, Do-Sik Kim, Hang-Seok Seo 
(KAERI-Korea)
2127 About a Threshold through Defect 
in Zirconium Cladding of the Nuclear 
Fuel Elements, I. Loktev, A.Strukov (JSC 
NCCP-Russia)
2118 Life Extension and Opera�ng 
Characteris�c Improvement of LWR 
Zirconium Components by Surface 
Modifica�on, S.V. Ivanova, E.M. Glagovsky 
(A.A. Bochvar All-Russia Research Ins�tute 
of Inorganic Materials-Russia), I.A. Khazov 
(FSUE-Russia), V.K. Orlov, I.A. Shlepov, K.N. 
Niki�n (A.A. Bochvar All-Russia Research 
Ins�tute of Inorganic Materials-Russia), 
Yu.V. Dubrovsky (FSUE-Russia), E.A. Denisov 
(Research Ins�tutes of Physics of the St.-
Petersburg State Univ-Russia)
2020 Corrosion and Hydrogen Uptake 
Behavior and Modeling for Modern BWR 
Cladding Materials at High Burnup, G. 
Zhou (Wes�nghouse-Sweden), G. Wikmark 
(Wes�nghouse-USA), L. Hallstadius, J. Wright, 
M. Dahlback (Wes�nghouse-Sweden), L.P. 
Brandes (Va�enfall Nuclear Fuel AB-Sweden), 
S. Holcombe, U. We�erholm, A. Lindquist, S. 
Valizadeha (Wes�nghouse-Sweden), Y. Long 
(Wes�nghouse-USA), P. Blair (Wes�nghouse-
Sweden)

5.01 Innova�ve Fuels-III (Poster 
Session) Room: Hall Bordeaux
2181 Inert-matrix for Nuclear Fuel Based 
on Ceramic Materials, Cecilia C. Guedes e 
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Silva, Alfredo Abe (CTMSP-Brazil)
2075 Diametric Tolerance Control of 
Dual Cooled Annular Fuel Pellet without 
Inner Surface Grinding, Young Woo 
Rhee, Dong Joo Kim, Jong Hun Kim, Jae 
Ho Yang, Keon Sik Kim, Ki Won Kang, 
Kun Woo Song (KAERI-Korea)

5.02 In Pile Behavior-II (Poster Session)
Room: Hall Bordeaux
2089 Preliminary Study on the Fre�ng 
Wear Behaviors of a Duel Cooled Fuel 
Rod, Young-Ho Lee, Kang-Hee Lee, 
Hyung-Kyu Kim (KAERI-Korea)

 • 16:00-18:00

TECHNICAL SESSIONS
(IN PARALLEL)

4.01 Strategies and Communica�on
Session Chairs: Be�y Bonnardel-
Azzarelli (WNTI-UK), Michel Hartenstein 
(TN Interna�onal, AREVA-France)
Room: 352B
16:00
9409 Thinking Outside the Box, Lorne 
Green (World Nuclear Transport 
Ins�tute-UK)
16:20
9484 Sustaining Shipments, Be�y 
Bonnardel-Azzarelli (World Nuclear 
Transport Ins�tute-UK)
16:40
9496 Global Acceptance Programs 
Towards Coastal States, Herve Dreano 
(TN Interna�onal-France)
17:00
9495 Overall Communica�on in 
Radioac�ve Transporta�on, Bernard 
Monot (TN Interna�onal-France)

4.06 Models and Codes
Session Chairs: Jean Desquines (IRSN-
France), Aravinda Zeachandirin (TN 
Interna�onal, AREVA- France)
Room: 342A
16:00
9459 Opera�onal Model for the 
Safety of Defec�ve Spent Fuel Rods 
in Dry Storage, C. Ferry, J. Radwan, A. 
Poulesquen, L. Desgranges (CEA-France)
16:20
9536 Review and Adapta�on FRAPCON-3 
Creep Model under Dry Storage Condi�ons, 
F. Feria, L.E. Herranz (CIEMAT-Spain)
16:40
9039 Valida�on of Decay Heat for 
Spent Fuel Storage, Transport and 
Condi�oning Using JEF-2.2 And JEFF-
3.1., Robert W. Mills, Andrew M. Su�on 
(UK Na�onal Nuclear Laboratory-UK)

17:00
9534 PHWR Fuel Rod Behaviour during 
Dry Storage, Armando C. Marino (CNEA-
Argen�na)

• 8:30-10:00

TECHNICAL SESSIONS 
(IN PARALLEL)
1.03 Reliability Improvement-II
Session Chairs: TBA - Room: 364
8:30
2124 GNF Defense in Depth 2009 Update, 
Andrew A. Lingenfelter, Robert J. Schneider, 
Paul E. Cantonwine, Brian Moore, John 
Rea, M. Nayem Jahingir, Douglas C. 
Crawford (Global Nuclear Fuel-USA)
8:50
2123 Manufacturing Improvements for 
Increased Fuel Quality and Reliability, 
Andrew R. Atwood (Wes�nghouse-USA)
9:10
2070 Performance-based Oversight 
of Nuclear Fuel Manufacturing, John 
Rivera (NAC Interna�onal-USA)
9:30
2047 EDF’s Surveillance on Fuel 
Manufacturing, Marc Ton-That, Eric 
Bonnet (EDF-France)

2.02 Transient Fuel Behavior: In Pile 
Behavior-II
Session Chairs: Kenneth Geelhood 
(PNNL-USA), Grigori Khvostov (PSI-
Switzerland) - Room: 342A
8:30
2076 Role of Radial Temperature 
Gradient in Outside-in Type Failure 
of High Burn-up Fuel Cladding Tubes 
during Power Ramp Tests, Kan 
Sakamoto, Masafumi Nakatsuka, 
Toru Higuchi (Nippon Nuclear Fuel 
Development Co.-Japan), Kunio Ito 
(Global Nuclear Fuel Japan Co.-Japan)
8:50
2055 Contribu�on to High Burn up 
Structure the Fission Gas Release under 
Transient Condi�ons, M. Marcet, Y. 
Pon�llon, L. Desgranges, J. Noirot, J. 
Lamontagne, I. Aubrun, B. Pasquet, Ch. 
Valot (CEA-France), H. Cognon (EDF-
France), P. Blanpain (AREVA NP-France)
9:10
2107 Thermal Conduc�vity of Fresh 
and Irradiated MOX Fuel: Influence of 
Microstructure, D. Staicu, C. Cozzo, D. 
Papaioannou, R.J.M. Konings, C.T. Walker 
(European Commission JRC, ITU-Germany)
9:30
2011 SFPR: An Advanced Mechanis�c 
Code for Modeling of Single Fuel Rod 
Performance under Various Regimes 
of LWR Reactor Opera�on, M.S. 
Veshchunov, A.V. Boldyrev, V.D. Ozrin, 
V.E. Shestak, V.I. Tarasov (IBRAE-Russia)

3.01 Core Design and Leaking Fuel 
Monitoring Analysis-I
Session Chairs: Chris�an Hellwig (NOK-
Switzerland), A. Van De Velde (AREVA-
France) - Room: 341
8:30
2157 AREVA NP’s Advanced Thermal 
Hydraulic Methods for Reactor Core and 
Fuel Assembly Design, M. Leberig, N. 
Alleborn, M. Glück (AREVA NP GmbH-
Germany), J. Jones (AREVA NP-USA), Ch. 
Kappes (AREVA NP GmbH-Germany), C. 
Lascar (AREVA NP SAS-France), G. Sieber 
(AREVA NP GmbH-Germany)
8:50
2191 Advanced Codes & Methods 
Suppor�ng AREVA Fuel Solu�ons, Florin 
Curca-Tivig (AREVA NP GmbH-Germany)
9:10
2056 VVER-440 Fuel Cycles Possibili�es 
Using Modified FA Design, Pavel 
Mikoláš, Jiří Švarný, Vladislav Razým, 
Michal Dostál, Jiří Jeník, Pavel Krupař 
(ŠKODA JS-Czech Republic)
9:30
2062 An Improved Model for Predic�ng 
Coolant Ac�vity Behaviour for Fuel-
Failure Monitoring Analysis, A. El-Jaby, 
B.J. Lewis, W.T. Thompson (Royal 
Military College of Canada), F.C. Iglesias 
(Candesco Corpora�on-Canada), M. Ip 
(Bruce Power-Canada)

• 10:00 – 10:30

COFFEE BREAK - Exhibition Area

• 10:30-12:30

TECHNICAL SESSIONS 
(IN PARALLEL)
2.03 Transient Fuel Behavior: In Pile 
Behavior-III
Session Chairs: Rob Montgomery 
(ANATECH-USA), Marc Verwer� 
(SCK•CEN-Belgium) - Room: 342A
10:30
2050 In-situ SEM Observa�on of 
Delayed Hydride Cracking Propaga�on 
in the Radial Direc�on of Zry-2 Fuel 
Cladding Tubes, Toshio Kubo, Kan 
Sakamoto, Toru Higuchi (Nippon Nuclear 
Fuel Development Co.,Ltd.-Japan), 
Sinsuke Yamanaka (Osaka Univ-Japan), 
Keizo Ogata (Japan Nuclear Energy 
Safety Organiza�on-Japan)
10:50
2073 Effect of Hydride Nuclea�on 
on Crack Growth Rate in Zirconium 

PM AM

End of Tuesday Conference

TUESDAY EVENING
19:30 PM to 23:00 PM

Dinner of the conference 

We propose the most Parisian of Cruises 
in the Heart of Paris ! 

Enjoy the magic of Paris 
and admire the Parisian monuments by night: 

 
The Eiffel Tower, Invalides, Grand Palais, Le Louvre, Orsay Museum, 

La Conciergerie, Notre-Dame, 
Bibliothèque Nationale de France… 

«Welcome on board!»
The boat is entirely glassed over with a terrace at the stern 

and outside walkways and is perfectly designed for exploring and 
admiring the architectural treasures of the capital. 

(Casual Dress) 

Meeting Point 
AT THE FOLLOWING ADDRESS:

Port of Embarcation: Close to theThe Eiffel Tower, 
on the Seine River: Port de la Bourdonnais

(the “CRYSTAL” Boat)
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Silva, Alfredo Abe (CTMSP-Brazil)
2075 Diametric Tolerance Control of 
Dual Cooled Annular Fuel Pellet without 
Inner Surface Grinding, Young Woo 
Rhee, Dong Joo Kim, Jong Hun Kim, Jae 
Ho Yang, Keon Sik Kim, Ki Won Kang, 
Kun Woo Song (KAERI-Korea)

5.02 In Pile Behavior-II (Poster Session)
Room: Hall Bordeaux
2089 Preliminary Study on the Fre�ng 
Wear Behaviors of a Duel Cooled Fuel 
Rod, Young-Ho Lee, Kang-Hee Lee, 
Hyung-Kyu Kim (KAERI-Korea)

 • 16:00-18:00

TECHNICAL SESSIONS
(IN PARALLEL)

4.01 Strategies and Communica�on
Session Chairs: Be�y Bonnardel-
Azzarelli (WNTI-UK), Michel Hartenstein 
(TN Interna�onal, AREVA-France)
Room: 352B
16:00
9409 Thinking Outside the Box, Lorne 
Green (World Nuclear Transport 
Ins�tute-UK)
16:20
9484 Sustaining Shipments, Be�y 
Bonnardel-Azzarelli (World Nuclear 
Transport Ins�tute-UK)
16:40
9496 Global Acceptance Programs 
Towards Coastal States, Herve Dreano 
(TN Interna�onal-France)
17:00
9495 Overall Communica�on in 
Radioac�ve Transporta�on, Bernard 
Monot (TN Interna�onal-France)

4.06 Models and Codes
Session Chairs: Jean Desquines (IRSN-
France), Aravinda Zeachandirin (TN 
Interna�onal, AREVA- France)
Room: 342A
16:00
9459 Opera�onal Model for the 
Safety of Defec�ve Spent Fuel Rods 
in Dry Storage, C. Ferry, J. Radwan, A. 
Poulesquen, L. Desgranges (CEA-France)
16:20
9536 Review and Adapta�on FRAPCON-3 
Creep Model under Dry Storage Condi�ons, 
F. Feria, L.E. Herranz (CIEMAT-Spain)
16:40
9039 Valida�on of Decay Heat for 
Spent Fuel Storage, Transport and 
Condi�oning Using JEF-2.2 And JEFF-
3.1., Robert W. Mills, Andrew M. Su�on 
(UK Na�onal Nuclear Laboratory-UK)

17:00
9534 PHWR Fuel Rod Behaviour during 
Dry Storage, Armando C. Marino (CNEA-
Argen�na)

• 8:30-10:00

TECHNICAL SESSIONS 
(IN PARALLEL)
1.03 Reliability Improvement-II
Session Chairs: TBA - Room: 364
8:30
2124 GNF Defense in Depth 2009 Update, 
Andrew A. Lingenfelter, Robert J. Schneider, 
Paul E. Cantonwine, Brian Moore, John 
Rea, M. Nayem Jahingir, Douglas C. 
Crawford (Global Nuclear Fuel-USA)
8:50
2123 Manufacturing Improvements for 
Increased Fuel Quality and Reliability, 
Andrew R. Atwood (Wes�nghouse-USA)
9:10
2070 Performance-based Oversight 
of Nuclear Fuel Manufacturing, John 
Rivera (NAC Interna�onal-USA)
9:30
2047 EDF’s Surveillance on Fuel 
Manufacturing, Marc Ton-That, Eric 
Bonnet (EDF-France)

2.02 Transient Fuel Behavior: In Pile 
Behavior-II
Session Chairs: Kenneth Geelhood 
(PNNL-USA), Grigori Khvostov (PSI-
Switzerland) - Room: 342A
8:30
2076 Role of Radial Temperature 
Gradient in Outside-in Type Failure 
of High Burn-up Fuel Cladding Tubes 
during Power Ramp Tests, Kan 
Sakamoto, Masafumi Nakatsuka, 
Toru Higuchi (Nippon Nuclear Fuel 
Development Co.-Japan), Kunio Ito 
(Global Nuclear Fuel Japan Co.-Japan)
8:50
2055 Contribu�on to High Burn up 
Structure the Fission Gas Release under 
Transient Condi�ons, M. Marcet, Y. 
Pon�llon, L. Desgranges, J. Noirot, J. 
Lamontagne, I. Aubrun, B. Pasquet, Ch. 
Valot (CEA-France), H. Cognon (EDF-
France), P. Blanpain (AREVA NP-France)
9:10
2107 Thermal Conduc�vity of Fresh 
and Irradiated MOX Fuel: Influence of 
Microstructure, D. Staicu, C. Cozzo, D. 
Papaioannou, R.J.M. Konings, C.T. Walker 
(European Commission JRC, ITU-Germany)
9:30
2011 SFPR: An Advanced Mechanis�c 
Code for Modeling of Single Fuel Rod 
Performance under Various Regimes 
of LWR Reactor Opera�on, M.S. 
Veshchunov, A.V. Boldyrev, V.D. Ozrin, 
V.E. Shestak, V.I. Tarasov (IBRAE-Russia)

3.01 Core Design and Leaking Fuel 
Monitoring Analysis-I
Session Chairs: Chris�an Hellwig (NOK-
Switzerland), A. Van De Velde (AREVA-
France) - Room: 341
8:30
2157 AREVA NP’s Advanced Thermal 
Hydraulic Methods for Reactor Core and 
Fuel Assembly Design, M. Leberig, N. 
Alleborn, M. Glück (AREVA NP GmbH-
Germany), J. Jones (AREVA NP-USA), Ch. 
Kappes (AREVA NP GmbH-Germany), C. 
Lascar (AREVA NP SAS-France), G. Sieber 
(AREVA NP GmbH-Germany)
8:50
2191 Advanced Codes & Methods 
Suppor�ng AREVA Fuel Solu�ons, Florin 
Curca-Tivig (AREVA NP GmbH-Germany)
9:10
2056 VVER-440 Fuel Cycles Possibili�es 
Using Modified FA Design, Pavel 
Mikoláš, Jiří Švarný, Vladislav Razým, 
Michal Dostál, Jiří Jeník, Pavel Krupař 
(ŠKODA JS-Czech Republic)
9:30
2062 An Improved Model for Predic�ng 
Coolant Ac�vity Behaviour for Fuel-
Failure Monitoring Analysis, A. El-Jaby, 
B.J. Lewis, W.T. Thompson (Royal 
Military College of Canada), F.C. Iglesias 
(Candesco Corpora�on-Canada), M. Ip 
(Bruce Power-Canada)

• 10:00 – 10:30

COFFEE BREAK - Exhibition Area

• 10:30-12:30

TECHNICAL SESSIONS 
(IN PARALLEL)
2.03 Transient Fuel Behavior: In Pile 
Behavior-III
Session Chairs: Rob Montgomery 
(ANATECH-USA), Marc Verwer� 
(SCK•CEN-Belgium) - Room: 342A
10:30
2050 In-situ SEM Observa�on of 
Delayed Hydride Cracking Propaga�on 
in the Radial Direc�on of Zry-2 Fuel 
Cladding Tubes, Toshio Kubo, Kan 
Sakamoto, Toru Higuchi (Nippon Nuclear 
Fuel Development Co.,Ltd.-Japan), 
Sinsuke Yamanaka (Osaka Univ-Japan), 
Keizo Ogata (Japan Nuclear Energy 
Safety Organiza�on-Japan)
10:50
2073 Effect of Hydride Nuclea�on 
on Crack Growth Rate in Zirconium 

PM AM

End of Tuesday Conference

TUESDAY EVENING
19:30 PM to 23:00 PM

Dinner of the conference 

We propose the most Parisian of Cruises 
in the Heart of Paris ! 

Enjoy the magic of Paris 
and admire the Parisian monuments by night: 

 
The Eiffel Tower, Invalides, Grand Palais, Le Louvre, Orsay Museum, 

La Conciergerie, Notre-Dame, 
Bibliothèque Nationale de France… 

«Welcome on board!»
The boat is entirely glassed over with a terrace at the stern 

and outside walkways and is perfectly designed for exploring and 
admiring the architectural treasures of the capital. 

(Casual Dress) 

Meeting Point 
AT THE FOLLOWING ADDRESS:

Port of Embarcation: Close to theThe Eiffel Tower, 
on the Seine River: Port de la Bourdonnais

(the “CRYSTAL” Boat)
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Alloys, Young S. Kim (KAERI-Korea), 
V. Makarevicisu (Lithuanian Energy 
Ins�tute-Lithuania)
11:10
2104 Zircaloy-4 Cladding Hydride 
Reorienta�on under Ring Compression 
Test Condi�ons, V. Busser, J. Desquines, 
C. Duriez (IRSN-France), M.C. Baie�o-
Dubourg (Univ de Lyon-France), J.P. 
Mardon (AREVA-NP-France)
11:30
2106 Thermal Creep Behavior of 
Irradiated Zircaloy-4 under Storage Pool 
Deflooding Accident Condi�ons, Jean 
Desquines, Marc Pe�t, Franck Arreghini 
(IRSN-France), Stefano Ederli (ENEA-Italy)
11:50
2165 Effect of Impurity and Alloying 
Elements on Zirconium (Zr) Grain 
Boundary Strength and Iodine Adsorp�on, 
Dissocia�on, and Diffusion from First-
Principles Computa�ons, Mikael 
Christensen (Materials Design, Inc-USA), 
Jake D. Ballard, Thomas M. Angeliu, James 
Vollmer, Reza Najafabadi (Knolls Atomic 
Power Laboratory-USA), Erich Wimmer 
(Materials Design, Inc-USA)
12:10
2128 Effects of Heat Flux on Hydrogen 
Diffusion and Hydride Induced Crack 
Propaga�on in Zr-lined Zircaloy-2 
Cladding Tube, Keizo Ogata, Toshikazu 
Baba, Katsuichiro Kamimura (JNES-
Japan), Toru Higuchi, Kan Sakamoto, 
Yoshinori Etoh (NFD-Japan), Kunio Ito 
(GNF-Japan)

3.06 Fuel Behavior & Modelling-I
Session Chairs: Sadaaki Abeta 
(Mitsubishi Corpora�on-Japan), F. 
Curca-Tivig (AREVA-Germany)
Room: 341
10:30
2184 Valida�on of Advanced Fuel 
Performance COPERNIC3 Code on 
AREVA Global Database up to 100GWd/
tM, Ch. Garnier (AREVA NP-France), 
F. Sontheimer (AREVA NP GmbH-
Germany), P. Mailhé (AREVA NP-France), 
H. Landskron, D. Deuble (AREVA NP 
GmbH-Germany), V.I. Arimescu, Ph. 
Bellanger (AREVA NP-USA)
10:50
2035 Experimental and Computa�onal 
Analysis of the Development of 
Intergranular Bubbles in Oxide Fuels, 
M.A. Barker (The UK’s Na�onal Nuclear 
Laboratory-UK), C.P. Chatwin (Sellafield 
Ltd-UK), S.L. Owens (The UK’s Na�onal 
Nuclear Laboratory-UK)

11:10
2009 AREVA Advanced MOX Fuel 
Assembly Manufacturing, Marc Arslan, 
Régis Castelli (AREVA Recycling Business 
Unit-France)
11:30
2033 Fundamentals of GNF Al-Si-
O Addi�ve Fuel, Junji Matsunaga, 
Yoshihiro Takagawa, Kazuyuki Kusagaya, 
Katsumi Une (GNF-Japan), Ryoichi Yuda, 
Mutsumi Hirai (NFD-Japan), Mason D. 
Makovicka, Patrick K. Hogan (GNF-USA)
11:50
2129 Effect of Grain Size on the 
Forma�on of High Burnup Structure 
in UO2 fuel by Two-dimensional Po�s 
Model, Jae-Yong Oh, Yang-Hyun Koo, 
Byung-Ho Lee (KAERI-Korea)
12:10
2109 Release of Vola�le Fission 
Products during Thermal Annealing 
of Irradiated LWR UO2 Fuels, T. Wiss, 
J.-P. Hiernaut, J.-Y. Colle, H. Thiele, V.V. 
Rondinella, R.J.M. Konings (European 
Commission - JRC- ITU - Germany), T. 
Sonoda, M. Kinoshita (CRIEPI - Japan)

4.04 Packing Design and Tes�ng
Session Chairs: Alain Roulet (ANDRA-
France), Stéphane Nallet (TN 
Interna�onal, AREVA-France) 
Room: 352B
10:30
9402 Package Tes�ng: With or without 
Transport Frame?, Pierre Malesys (TN 
Interna�onal-France)
10:50
9407 TN Interna�onal’s New Casks: 
Designing for the Environment, Thierry 
Lallemant (TN Interna�onal-France)
11:10
9105 Drop Test of the CANDU Spent 
Fuel Storage Basket in MACSTOR/KN-
400, Woo-Seok Choi, Jae-Yeon Jeon, 
Ki-Seog Seo (KAERI-Korea), Hee-Taek 
Lee (KINS-Korea), Deok-Ho Lee (Suryuk 
Co.-Korea), Jung-Eun Park, Gyu-Soo You, 
Wan-Gyu Park (KHNP-Korea)
11:30
9447 BUC Implementa�on for 
a Transport Cask Applica�on 
Using Penalty Terms from French 
Experiments, L. San Felice, A. 
Santamarina, C. Riffard (CEA-France), 
F. Riou (AREVA-TNI-France), M. Lein 
(AREVA DSR-Germany), M. Tardy 
(AREVA-TNI-France)
11:50
9403 Specific Transport and Storage 
Solu�ons for Residues Return Programs, 

Françoise Gendreau, Florian Darras, 
Delphine Ledoux, Hélène Sonnenmoser 
(TN Interna�onal-France)

4.05 R&D (Cask and Conveyances)
Session Chairs: Michel Debes (EDF-
France), Hervé Issard (TN Interna�onal, 
AREVA-France) - Room: 343
10:30
9425 Long-term Confinement Test using 
Two Full-Scale Lid Models of Cask with 
Metal Gaskets for Interim Storage, 
Masumi Wataru, Koji Shirai, Toshiari 
Saegusa, Chihiro Ito, Hirofumi Takeda, 
Kousuke Namba (CRIEPI-Japan)
10:50
9511 Condi�oning and Unloading of 
a Canister of Corroded Uranium Fuel, 
D.I. Hambley, D.M. Willey (NNL-UK), H. 
Stridsman (AB SVAFO-Sweden)
11:10
9257 Research on HLW and ILW Interim 
Storage Complementary to Deep 
Geological Disposal, B. Félix, J.-M. 
Hoorelbeke, C. Trenteseaux, A. Roulet, 
L. Calsyn, X. Bourbon (Andra-France)
11:30
9552 A New Genera�on of INF 
Vessels, David Landon, Pauline Woods 
(Interna�onal Nuclear Services Ltd-UK)

5.02 In Pile Behavior-I
Session Chairs: Laurence Brunel 
(AREVA-France), Philippe Brossard (CEA-
France) - Room: 362
10:30
2034 Study on Silicide Fuel Behavior 
during Power Transient, Kazuaki 
Yanagisawa (JAEA-Japan)
10:50
2126 A Study on Thermo-Mechanical 
Behaviour of LWR Fuel Rod with SiC 
Cladding, Shinichi Higuchi, Kazunari 
Okonogi, Koji Kitano, Yoshiyuki Kawaharada, 
Fumihisa Kano (Toshiba-Japan)
11:10
2185 A Poten�al of Dual Cooled Annular 
Fuel for OPR-1000 Power Uprate, Tae-
Hyun Chun, Chang-Wan Shin, Wang-Kee 
In, Kyung-Hoon Lee, Sang-Yoon Park, 
Hyoung-Tae Kim, Kyoo-Hwan Bae, Kun-
Woo Song (KAERI-Korea)
11:30
2088 Ini�al Core Vibra�on Design of 
Dual-Cooled Annular Fuel Element: 
Number of Support, Kang-Hee Lee, 
Hyung-Kyu Kim, Kyung-Ho Yoon, Young-
Ho Lee, Jae-Yong Kim (KAERI-Korea)
11:50
2024 Advanced Fuels for PHWRs and ACRs, 

Nineta Balas (Ghizdeanu), Petre Ghitescu 
(Univ Politehnica of Bucharest-Romania)
12:10
2012 Irradia�on Test of Dual-cooled Annular 
Fuel Pellets, Yong Sik Yang, Dae Ho Kim, Je 
Geon Bang, Hyung Kyu Kim, Tae Hyun Chun, 
Keon Sik Kim, Kun Woo Song, Chul Gyo Seo, 
Hee Taek Chae (KAERI-Korea)

Free time for Lunch

• 14:00-15:30

TECHNICAL SESSIONS 
(IN PARALLEL)
1.04 Fuel inspec�on & Fuel Monitoring
Session Chairs: TBA - Room: 364
14:00
2100 Experimental Fission Gas Release 
Determina�on at High Burnup by 
Means of Gamma Measurements on 
Fuel Rods in OL2, Sco� Holcombe, 
Christofer Willman (Wes�nghouse-
Sweden), Ar�u Knuu�la, Kari Ranta-
Puska (Teollisuuden Voima Oyj-Finland)
14:20
2087 Examina�on of the Irradia�on 
Growth Behavior of Gd2O3-UO2 Fuel 
Rod in PWR, Jongsung Yoo, Jaeik Kim, 
Youngki Jang, Kyeonglak Jeon (KNF-
Korea), Yongbum Chun, Duckkee 
Min (KAERI-Korea), Yongbae Yoon, 
Myeongjong Yoo (KHNP-Korea)
14:40
2054 Applica�ons of the RTOP-CA Code 
for Failed Fuel Diagnosis and Predic�ons 
of Ac�vity Level in WWER Primary Circuit, 
V.V. Likhanskii, I.A. Evdokimov, A.A. Sorokin, 
V.D. Kanukova (SRC RF TRINITI-Russia)
15:00
2043 On-line Detec�on of Fuel and 
Control Rod Failures in BWR, I. Larsson 
(Chalmers Univ of Technology-Sweden), 
H. Loner (Kernkra�werk Leibstadt-
Switzerland), B. Schnurr (E.ON Kernkra� 
GmbH-Germany), L. Sihver (Chalmers Univ 
of Technology-Sweden), G. Ledergerber 
(Kernkra�werk Leibstadt-Switzerland)
15:20
2006 Results of Post Irradiation Examinations of 
VVER Leaky Rods, S.О. Perepelkin, D.V. Markov, 
V.S. Polenok, V.A. Zhitelev, G.I. Mayerchina (JSC 
SSC RIAR-Russia)

3.07 Fuel Behaviour & Modelling-II
Session Chairs: Patrick Blanpain (AREVA-
France), M. Verwer� (SCK- MOL-
Belgium)  - Room: 341
14:00
2037 Mesoscale Simula�on of Fission 

Gas Behavior in LWR Fuels Using Po�s 
Kine�c Monte Carlo Techniques, Veena 
Tikare, Elizabeth A. Holm (SNL-USA), 
Pavel G. Medvedev (INL-USA)
14:20
2023 Trend in Plutonium Content 
of MOX in Thermal Reactor Use and 
Irradia�on Behavior of MOX with High 
Plutonium Content, N. Nakae, T. Baba, 
K. Kamimura (JNES-Japan), M. Verwer�, 
F. Ju�er (SCK-CEN-Belgium)
14:40
2174 Development of a Self-standing 
Numerical Tool to Compute Chemical 
Equilibria in Nuclear Materials, M.H. 
Piro, M.J. Welland, B.J. Lewis, W.T. 
Thompson (Royal Military College 
of Canada), D.R. Olander (Univ of 
California Berkeley-USA)
15:00
2065 Isotopic Composi�on of Fission 
Gas Release from MOX Fuel and 
Microstructure Effect, F. Lemoine, Y. 
Guérin (CEA-France)

5.03 Innova�ve Concepts
Session Chairs: Philippe Billot (CEA-
France), Valen�n Fhager (Thor Energy 
AS-Norway) - Room: 362
14:00
2053 The Interest of Burnup Increase 
in a Recycling Context, Hubert Druenne 
(GDF SUEZ-TRACTEBEL-Belgium)
14:20
2158 The Usage of Nano-Clustered 
Fuels for Rare Isotope Produc�on, Liviu 
Popa-Simil (LAVM LLC-USA)
14:40
2143 Innova�ve Nuclear Fuels: Results 
and Strategy, Marius Stan (LANL-USA)
15:00
2080 A Study on the Structural Integrity 
Issues of a Dual-Cooled Fuel Rod, 
Hyung-Kyu Kim, Kang-Hee Lee, Young-
Ho Lee, Kyung-Ho Yoon, Jae-Yong Kim, 
Kun-Woo Song (KAERI-Korea)
15:20
2071 Liquid Metal as a Gap Filler to 
Protect Zircaloy Cladding from Hydride 
Fuel, Kurt Terrani, Mehdi Balooch, Donald 
Olander (Univ of California, Berkeley-
USA), Wigbert Siekhaus (LLNL-USA)

• 15:30 – 16:00
COFFEE BREAK - Exhibition Area

• 16:00 – 16:30
CLOSING SESSION - Room: 342A

AM PM
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Alloys, Young S. Kim (KAERI-Korea), 
V. Makarevicisu (Lithuanian Energy 
Ins�tute-Lithuania)
11:10
2104 Zircaloy-4 Cladding Hydride 
Reorienta�on under Ring Compression 
Test Condi�ons, V. Busser, J. Desquines, 
C. Duriez (IRSN-France), M.C. Baie�o-
Dubourg (Univ de Lyon-France), J.P. 
Mardon (AREVA-NP-France)
11:30
2106 Thermal Creep Behavior of 
Irradiated Zircaloy-4 under Storage Pool 
Deflooding Accident Condi�ons, Jean 
Desquines, Marc Pe�t, Franck Arreghini 
(IRSN-France), Stefano Ederli (ENEA-Italy)
11:50
2165 Effect of Impurity and Alloying 
Elements on Zirconium (Zr) Grain 
Boundary Strength and Iodine Adsorp�on, 
Dissocia�on, and Diffusion from First-
Principles Computa�ons, Mikael 
Christensen (Materials Design, Inc-USA), 
Jake D. Ballard, Thomas M. Angeliu, James 
Vollmer, Reza Najafabadi (Knolls Atomic 
Power Laboratory-USA), Erich Wimmer 
(Materials Design, Inc-USA)
12:10
2128 Effects of Heat Flux on Hydrogen 
Diffusion and Hydride Induced Crack 
Propaga�on in Zr-lined Zircaloy-2 
Cladding Tube, Keizo Ogata, Toshikazu 
Baba, Katsuichiro Kamimura (JNES-
Japan), Toru Higuchi, Kan Sakamoto, 
Yoshinori Etoh (NFD-Japan), Kunio Ito 
(GNF-Japan)

3.06 Fuel Behavior & Modelling-I
Session Chairs: Sadaaki Abeta 
(Mitsubishi Corpora�on-Japan), F. 
Curca-Tivig (AREVA-Germany)
Room: 341
10:30
2184 Valida�on of Advanced Fuel 
Performance COPERNIC3 Code on 
AREVA Global Database up to 100GWd/
tM, Ch. Garnier (AREVA NP-France), 
F. Sontheimer (AREVA NP GmbH-
Germany), P. Mailhé (AREVA NP-France), 
H. Landskron, D. Deuble (AREVA NP 
GmbH-Germany), V.I. Arimescu, Ph. 
Bellanger (AREVA NP-USA)
10:50
2035 Experimental and Computa�onal 
Analysis of the Development of 
Intergranular Bubbles in Oxide Fuels, 
M.A. Barker (The UK’s Na�onal Nuclear 
Laboratory-UK), C.P. Chatwin (Sellafield 
Ltd-UK), S.L. Owens (The UK’s Na�onal 
Nuclear Laboratory-UK)

11:10
2009 AREVA Advanced MOX Fuel 
Assembly Manufacturing, Marc Arslan, 
Régis Castelli (AREVA Recycling Business 
Unit-France)
11:30
2033 Fundamentals of GNF Al-Si-
O Addi�ve Fuel, Junji Matsunaga, 
Yoshihiro Takagawa, Kazuyuki Kusagaya, 
Katsumi Une (GNF-Japan), Ryoichi Yuda, 
Mutsumi Hirai (NFD-Japan), Mason D. 
Makovicka, Patrick K. Hogan (GNF-USA)
11:50
2129 Effect of Grain Size on the 
Forma�on of High Burnup Structure 
in UO2 fuel by Two-dimensional Po�s 
Model, Jae-Yong Oh, Yang-Hyun Koo, 
Byung-Ho Lee (KAERI-Korea)
12:10
2109 Release of Vola�le Fission 
Products during Thermal Annealing 
of Irradiated LWR UO2 Fuels, T. Wiss, 
J.-P. Hiernaut, J.-Y. Colle, H. Thiele, V.V. 
Rondinella, R.J.M. Konings (European 
Commission - JRC- ITU - Germany), T. 
Sonoda, M. Kinoshita (CRIEPI - Japan)

4.04 Packing Design and Tes�ng
Session Chairs: Alain Roulet (ANDRA-
France), Stéphane Nallet (TN 
Interna�onal, AREVA-France) 
Room: 352B
10:30
9402 Package Tes�ng: With or without 
Transport Frame?, Pierre Malesys (TN 
Interna�onal-France)
10:50
9407 TN Interna�onal’s New Casks: 
Designing for the Environment, Thierry 
Lallemant (TN Interna�onal-France)
11:10
9105 Drop Test of the CANDU Spent 
Fuel Storage Basket in MACSTOR/KN-
400, Woo-Seok Choi, Jae-Yeon Jeon, 
Ki-Seog Seo (KAERI-Korea), Hee-Taek 
Lee (KINS-Korea), Deok-Ho Lee (Suryuk 
Co.-Korea), Jung-Eun Park, Gyu-Soo You, 
Wan-Gyu Park (KHNP-Korea)
11:30
9447 BUC Implementa�on for 
a Transport Cask Applica�on 
Using Penalty Terms from French 
Experiments, L. San Felice, A. 
Santamarina, C. Riffard (CEA-France), 
F. Riou (AREVA-TNI-France), M. Lein 
(AREVA DSR-Germany), M. Tardy 
(AREVA-TNI-France)
11:50
9403 Specific Transport and Storage 
Solu�ons for Residues Return Programs, 

Françoise Gendreau, Florian Darras, 
Delphine Ledoux, Hélène Sonnenmoser 
(TN Interna�onal-France)

4.05 R&D (Cask and Conveyances)
Session Chairs: Michel Debes (EDF-
France), Hervé Issard (TN Interna�onal, 
AREVA-France) - Room: 343
10:30
9425 Long-term Confinement Test using 
Two Full-Scale Lid Models of Cask with 
Metal Gaskets for Interim Storage, 
Masumi Wataru, Koji Shirai, Toshiari 
Saegusa, Chihiro Ito, Hirofumi Takeda, 
Kousuke Namba (CRIEPI-Japan)
10:50
9511 Condi�oning and Unloading of 
a Canister of Corroded Uranium Fuel, 
D.I. Hambley, D.M. Willey (NNL-UK), H. 
Stridsman (AB SVAFO-Sweden)
11:10
9257 Research on HLW and ILW Interim 
Storage Complementary to Deep 
Geological Disposal, B. Félix, J.-M. 
Hoorelbeke, C. Trenteseaux, A. Roulet, 
L. Calsyn, X. Bourbon (Andra-France)
11:30
9552 A New Genera�on of INF 
Vessels, David Landon, Pauline Woods 
(Interna�onal Nuclear Services Ltd-UK)

5.02 In Pile Behavior-I
Session Chairs: Laurence Brunel 
(AREVA-France), Philippe Brossard (CEA-
France) - Room: 362
10:30
2034 Study on Silicide Fuel Behavior 
during Power Transient, Kazuaki 
Yanagisawa (JAEA-Japan)
10:50
2126 A Study on Thermo-Mechanical 
Behaviour of LWR Fuel Rod with SiC 
Cladding, Shinichi Higuchi, Kazunari 
Okonogi, Koji Kitano, Yoshiyuki Kawaharada, 
Fumihisa Kano (Toshiba-Japan)
11:10
2185 A Poten�al of Dual Cooled Annular 
Fuel for OPR-1000 Power Uprate, Tae-
Hyun Chun, Chang-Wan Shin, Wang-Kee 
In, Kyung-Hoon Lee, Sang-Yoon Park, 
Hyoung-Tae Kim, Kyoo-Hwan Bae, Kun-
Woo Song (KAERI-Korea)
11:30
2088 Ini�al Core Vibra�on Design of 
Dual-Cooled Annular Fuel Element: 
Number of Support, Kang-Hee Lee, 
Hyung-Kyu Kim, Kyung-Ho Yoon, Young-
Ho Lee, Jae-Yong Kim (KAERI-Korea)
11:50
2024 Advanced Fuels for PHWRs and ACRs, 

Nineta Balas (Ghizdeanu), Petre Ghitescu 
(Univ Politehnica of Bucharest-Romania)
12:10
2012 Irradia�on Test of Dual-cooled Annular 
Fuel Pellets, Yong Sik Yang, Dae Ho Kim, Je 
Geon Bang, Hyung Kyu Kim, Tae Hyun Chun, 
Keon Sik Kim, Kun Woo Song, Chul Gyo Seo, 
Hee Taek Chae (KAERI-Korea)

Free time for Lunch

• 14:00-15:30

TECHNICAL SESSIONS 
(IN PARALLEL)
1.04 Fuel inspec�on & Fuel Monitoring
Session Chairs: TBA - Room: 364
14:00
2100 Experimental Fission Gas Release 
Determina�on at High Burnup by 
Means of Gamma Measurements on 
Fuel Rods in OL2, Sco� Holcombe, 
Christofer Willman (Wes�nghouse-
Sweden), Ar�u Knuu�la, Kari Ranta-
Puska (Teollisuuden Voima Oyj-Finland)
14:20
2087 Examina�on of the Irradia�on 
Growth Behavior of Gd2O3-UO2 Fuel 
Rod in PWR, Jongsung Yoo, Jaeik Kim, 
Youngki Jang, Kyeonglak Jeon (KNF-
Korea), Yongbum Chun, Duckkee 
Min (KAERI-Korea), Yongbae Yoon, 
Myeongjong Yoo (KHNP-Korea)
14:40
2054 Applica�ons of the RTOP-CA Code 
for Failed Fuel Diagnosis and Predic�ons 
of Ac�vity Level in WWER Primary Circuit, 
V.V. Likhanskii, I.A. Evdokimov, A.A. Sorokin, 
V.D. Kanukova (SRC RF TRINITI-Russia)
15:00
2043 On-line Detec�on of Fuel and 
Control Rod Failures in BWR, I. Larsson 
(Chalmers Univ of Technology-Sweden), 
H. Loner (Kernkra�werk Leibstadt-
Switzerland), B. Schnurr (E.ON Kernkra� 
GmbH-Germany), L. Sihver (Chalmers Univ 
of Technology-Sweden), G. Ledergerber 
(Kernkra�werk Leibstadt-Switzerland)
15:20
2006 Results of Post Irradiation Examinations of 
VVER Leaky Rods, S.О. Perepelkin, D.V. Markov, 
V.S. Polenok, V.A. Zhitelev, G.I. Mayerchina (JSC 
SSC RIAR-Russia)

3.07 Fuel Behaviour & Modelling-II
Session Chairs: Patrick Blanpain (AREVA-
France), M. Verwer� (SCK- MOL-
Belgium)  - Room: 341
14:00
2037 Mesoscale Simula�on of Fission 

Gas Behavior in LWR Fuels Using Po�s 
Kine�c Monte Carlo Techniques, Veena 
Tikare, Elizabeth A. Holm (SNL-USA), 
Pavel G. Medvedev (INL-USA)
14:20
2023 Trend in Plutonium Content 
of MOX in Thermal Reactor Use and 
Irradia�on Behavior of MOX with High 
Plutonium Content, N. Nakae, T. Baba, 
K. Kamimura (JNES-Japan), M. Verwer�, 
F. Ju�er (SCK-CEN-Belgium)
14:40
2174 Development of a Self-standing 
Numerical Tool to Compute Chemical 
Equilibria in Nuclear Materials, M.H. 
Piro, M.J. Welland, B.J. Lewis, W.T. 
Thompson (Royal Military College 
of Canada), D.R. Olander (Univ of 
California Berkeley-USA)
15:00
2065 Isotopic Composi�on of Fission 
Gas Release from MOX Fuel and 
Microstructure Effect, F. Lemoine, Y. 
Guérin (CEA-France)

5.03 Innova�ve Concepts
Session Chairs: Philippe Billot (CEA-
France), Valen�n Fhager (Thor Energy 
AS-Norway) - Room: 362
14:00
2053 The Interest of Burnup Increase 
in a Recycling Context, Hubert Druenne 
(GDF SUEZ-TRACTEBEL-Belgium)
14:20
2158 The Usage of Nano-Clustered 
Fuels for Rare Isotope Produc�on, Liviu 
Popa-Simil (LAVM LLC-USA)
14:40
2143 Innova�ve Nuclear Fuels: Results 
and Strategy, Marius Stan (LANL-USA)
15:00
2080 A Study on the Structural Integrity 
Issues of a Dual-Cooled Fuel Rod, 
Hyung-Kyu Kim, Kang-Hee Lee, Young-
Ho Lee, Kyung-Ho Yoon, Jae-Yong Kim, 
Kun-Woo Song (KAERI-Korea)
15:20
2071 Liquid Metal as a Gap Filler to 
Protect Zircaloy Cladding from Hydride 
Fuel, Kurt Terrani, Mehdi Balooch, Donald 
Olander (Univ of California, Berkeley-
USA), Wigbert Siekhaus (LLNL-USA)

• 15:30 – 16:00
COFFEE BREAK - Exhibition Area

• 16:00 – 16:30
CLOSING SESSION - Room: 342A
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1.00: Fuel Performance, Reliability and Operational Experience 
Sylvie Aubry, EDF, France (sylvie.aubry@edf.fr) 
J-L Provost, EDF, France (jean-luc.provost@edf.fr) 
Pyoung Wi Moon, KHNP, Korea (moonbw@khnp.co.kr) 
Kun-Woo Song, KAERI, Korea (kwsong@kaeri.re.kr) 
Jong- Sung Yoo, KNF, Korea (jsyoo@knfc.co.kr) 
 
1.01 Operational Experience 
Monday, September 7, 2009 • 16:00-18:00  
2154 Final Channel Control-Blade Interference Management at LaSalle 1 and 2 during 2007 and 2008  1      
2153 Final EDF PWR Fuels - EDF Operating Experience  1   2    
2149 Final BWR Fuel Reliability under Challenging Water Chemistry Conditions  1      
2122 Final Local Fuel Rod Crud Prediction Tool Applications  1   3    
2063 Final Fretting Performance of the RFA Fuel  1   3    
2030 Final Operation of Nuclear Fuel Based on Reprocessed Uranium for VVER-type Reactors in Competitive Nuclear 

Fuel Cycles  
1   3    

 
1.02 New Product Qualification 
Monday, September 7, 2009 • 14:00-15:30  
2113 Final GENUSA Fuel Evolution  1      
2040 Final Optimized ZIRLO Qualification Program for EDF Reactors  3   1    
2038 Final Mixed Oxide Fuel Prepared with Weapons-Derived Plutonium: Test Irradiation Summary and Preliminary 

LTA PIE Results  
1   3    

 
1.03 Reliability Improvement-I 
Tuesday, September 8, 2009 • 14:00-15:30  
2194 Final Preliminary Results of the IAEA Review on Fuel Failures in Water Cooled Reactors  1      
2119 Final Maintaining and Improving Fuel Reliability  1   3    

http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2154.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2153.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2149.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2122.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2063.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2030.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2030.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2113.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2040.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2038.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2038.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2194.html
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2119.html


2092 Final Results of Post-Irradiation Examinations for BWR Failure Rods  1      
2044 Final Recent U.S. Fuel Reliability Experience  1   1    
 
1.03 Reliability Improvement-II 
Wednesday, September 9, 2009 • 8:30-10:00  
2124 Final GNF Defense in Depth 2009 Update  1   2    
2123 Final Manufacturing Improvements for Increased Fuel Quality and Reliability  1      
2070 Final Performance-based Oversight of Nuclear Fuel Manufacturing  1   3    
2047 Final EDF' Surveillance on Fuel Manufacturing  1      
 
1.04 Fuel inspection & Fuel Monitoring 
Wednesday, September 9, 2009 • 14:00-15:30  
2100 Final Experimental Fission Gas Release Determination at High Burnup by Means of Gamma Measurements on 

Fuel Rods in OL2  
1   3    

2087 Final Examination of the Irradiation Growth Behavior of Gd2O3-UO2 Fuel Rod in PWR  1   3    
2054 Final Applications of the RTOP-CA Code for Failed Fuel Diagnosis and Predictions of Activity Level in WWER 

Primary Circuit  
2   1    

2043 Final On-line Detection of Fuel and Control Rod Failures in BWR  1      
2006 Final Results of Post Irradiation Examinations of VVER Leaky Rods  1      
 
 
1.05 Fuel Performance, Reliability and Operational Experience (Poster Session) 
Tuesday, September 8, 2009 • 16:00-18:00  
2048 Final Advanced PWR Fuel Design & Operating Experience  1   3    
2161 Final Fuel Services Progress in Visual Examination and Measurments on Fuel Assemblies and Associated Core 

Components  
poster      

2097 Final Poolside Fuel Inspection Experience and Development in NFI  poster      

http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2092.html
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2044.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2124.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2123.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2070.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2047.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2100.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2100.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2087.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2054.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2054.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2043.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2006.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2048.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2161.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2161.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2097.pdf


2015 Final Impact of Water Chemistry Operations on the Deposit of Corrosion Products in the Fuel Assemblies at Paks 
Nuclear Power Plant  

poster      

 
 
2.00: Transient Fuel Behaviour and Safety Related Issues 
Nicolas Waeckel, EDF, France (nicolas.waeckel@edf.fr) 
Jinzhao Zhang, GDF-SUEZ Tractebel, Belgium (jinzhao.zhang@gdfsuez.com) 
Geun-Sun Auh, KINS, Korea (gsauh@kins.re.kr) 
Hyeong-Koo Kim, KNF, Korea (hkkim@knfc.co.kr) 
 
2.01 Transient Fuel Behavior - In Pile Behavior-I 
Tuesday, September 8, 2009 • 14:00-15:30  
Javier Riverola, ENUSA, Spain (jrg@enusa.es) 
Jinzhao Zhang, GDF-SUEZ Tractebel, Belgium (jinzhao.zhang@gdfsuez.com) 
2085 Final A Dynamic Model for Fission Gas Release and Gaseous Swelling Integrated into the FALCON Fuel 

Analysis and Licensing Code  
2   3    

2072 Final Enhancing the ABAQUS Thermomechanics Code to Simulate Steady and Transient Fuel Rod Behavior  2   3    
2173 Final Applying Advanced Neutron Transport Calculations for Improving Fuel Performance Codes  2   3    
2186 Final Simulation of Power Ramp Tested LWR Fuel Rods by Means of the TRANSURANUS Code       
2067 Final New Release of Fuel Performance Codes, FRAPCON-3.4 and FRAPTRAN 1.4  2   1    
 
2.02 Transient Fuel Behavior: In Pile Behavior-II 
Wednesday, September 9, 2009 • 8:30-10:00  
Kenneth Geelhood, PNNL, USA (Kenneth.Geelhood@pnl.gov) 
Grigori Khvostov, PSI, Switzerland (Grigori.Khvostov@psi.ch) 
2076 Final Role of Radial Temperature Gradient in Outside-in Type Failure of High Burn-up Fuel Cladding Tubes 

during Power Ramp Tests  
2   1    

2055 Final Contribution to High Burn up Structure the Fission Gas Release under Transient Conditions  2   1    

http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2015.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2015.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2085.html
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2085.html
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2072.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2173.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2186.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2067.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2076.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2076.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2055.pdf


2107 Final Thermal Conductivity of Fresh and Irradiated MOX Fuel: Influence of Microstructure  2   1    
2011 Final SFPR: An Advanced Mechanistic Code for Modeling of Single Fuel Rod Performance under Various 

Regimes of LWR Reactor Operation  
2   1    

 
2.03 Transient Fuel Behavior: In Pile Behavior-III 
Wednesday, September 9, 2009 • 10:30-12:30  
Rob Montgomery, ANATECH, USA (rob@anatech.com) 
Marc Verwerft, SCK•CEN, Belgium (mverwerf@SCKCEN.BE) 
2050 Final In-situ SEM Observation of Delayed Hydride Cracking Propagation in the Radial Direction of Zry-2 Fuel 

Cladding Tubes  
1   2    

2073 Final Effect of Hydride Nucleation on Crack Growth Rate in Zirconium Alloys  2   4    
2104 Final Zircaloy-4 Cladding Hydride Reorientation under Ring Compression Test Conditions  2   4    
2106 Final Thermal Creep Behavior of Irradiated Zircaloy-4 under Storage Pool Deflooding Accident Conditions  2   4    
2165 Final Effect of Impurity and Alloying Elements on Zirconium (Zr) Grain Boundary Strength and Iodine 

Adsorption, Dissociation, and Diffusion from First-Principles Computations  
2      

2128 Final Effects of Heat Flux on Hydrogen Diffusion and Hydride Induced Crack Propagation in Zr-lined Zircaloy-2 
Cladding Tube  

2   1    

 
2.04 Transient Fuel Behavior: In Pile Behavior-IV (Poster Session) 
Tuesday, September 8, 2009 • 16:00-18:00  
2074 Final Effect of Hydride on the ISCC Crack Initiation and Propagation in the High Burnup-simulated Nuclear Fuel 

Cladding  
poster   3    

2152 Final Reassessment of UO2+x Melting through Experimental and Theoretical Work  poster      
2176 Final FUMEX-III: A New IAEA Coordinated Research Project on Fuel Modelling at Extended Burnup  2      
2169 Final Relap5/Parcsv2.7 Qualification for BWR Stability Simulations: Application to Peach Bottom NPP  2   5    
2147 Final Newly-designed Capsules for Fuel Ramp Tests in the JMTR  from Global      
2094 Final OSIRIS Reactor: A Major Tool for Fuel and Material Irradiations  poster   1    

http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2107.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2011.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2011.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2050.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2050.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2073.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2104.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2106.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2165.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2165.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2128.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2128.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2074.html
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2074.html
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2152.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2176.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2169.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2147.html
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2094.pdf


2036 Final Effect of CANDU Fuel Bundle Modelling on Severe Accident Analysis  2      
2178 Final Implementation of Control Rod Movement and Boron Injection Options by Using Control Variables in 

Relap5/Parcs v2.7 Coupled Code  
2   5    

2150 Final Thermodynamic Assessment of the Solidus and Liquidus of Uranium-Gadolinium Fuels       
2167 Final Development and Validation of the FEM Based Global Fuel Rod Analyzer FRA-TF_Global  poster      
2017 Final Modeling of Diffusive Release of Radioactive Fission Products from Nuclear Fuel in the Framework of 

SFPR Code  
poster   1    

 
2.05 Transient Fuel Behavior: PCI-I 
Tuesday, September 8, 2009 • 10:30-12:30  
David Mitchell, Westinghouse, USA (mitched@westinghouse.com) 
Nadine Hollasky, AVN, Belgium (nh@avn.be) 
2125 Final PCI Analysis and Fuel Rod Failure Prediction using FALCON  2   5    
2188 Final Insights into Fuel Rod Performance Codes during Ramps: Results of a Code Benchmark Based on the SCIP 

Project  
2   1    

2156 Final Power Transient Tests of High Burnup Fe-Enhanced Zr Liner Rodlets  2   1    
2164 Final Development Fracture Mechanics Method to Evaluate Iodine Stress Corrosion Cracking of Zirconium 

Alloys  
2      

2148 Final A New Material Constitutive Model for Predicting Cladding Failure       
2096 Final Multi-dimensional Modeling of PCMI during Base Irradiation and Ramp Testing with ALCYONE V1.1  2      
 
2.06 Transient Fuel Behavior: PCI-II (Poster Session) 
Tuesday, September 8, 2009 • 16:00-18:00  
2025 Final High Performance Computing of PWR Simulations with Fuel Code CYRANO3 Running on IBM System 

Blue Gene/P  
poster   1    

 
 

http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2036.html
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2178.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2178.pdf
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http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2164.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2148.pdf
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http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2025.pdf


2.07 Transient Fuel Behavior: RIA-I 
Monday, September 7, 2009 • 14:00-15:30  
Toyoshi Fuketa, JAEA, Japan (fuketa.toyoshi@jaea.go.jp) 
Nicolas Waeckel, EDF, France (nicolas.waeckel@edf.fr) 
2083 Final Behavior of LWR/MOX Fuels under Reactivity-Initiated Accident Conditions  2      
2082 Final Comparative Analysis on Behavior of High Burnup PWR Fuel Pulse-Irradiated in Reactivity-Initiated 

Accident Conditions  
2   1    

2155 Final Modeling of Fission Gas Release in LWR UO2 Fuel under RIA Conditions Using Artificial Neural Network 
Method  

2      

2086 Final Effect of Initial Coolant Temperature on Mechanical Fuel Failure under Reactivity-Initiated Accident 
Conditions  

2      

2019 Final An Analytical Criterion to Prevent PCMI Fuel Rod Cladding Failure During RIA Transients  2      
 
2.08 Transient Fuel Behavior: RIA-II (Poster Session) 
Tuesday, September 8, 2009 • 16:00-18:00  
2170 Final Influence of the Thermalhydraulic to Neutronic Channel Mapping in a 3D REA Analysis with Relap5/Parcs 

v2.7 at Trillo NPP  
2   5    

2171 Final Rod Ejection Accident 3D-Dynamic Analysis in Almaraz NPP with Relap5/Parcs v2.7 and Simtab Cross-
Sections Tables  

2   5    

 
 
2.09 Transient Fuel Behavior: LOCA-I 
Monday, September 7, 2009 • 16:00-18:00  
Fumi Nagase, JAEA, Japan (nagase.fumihisa@jaea.go.jp) 
JC Brachet, CEA, France (jean-christophe.brachet@cea.fr) 
2120 Final Proposed Modification Of Cladding Embrittlement Criteria  2   3    
2084 Final Cladding Embrittlement under LOCA Conditions Examined by Two Test Methodologies  2      
2093 Final Determination of Mechanical Cladding Properties by Best-Fit Simulations of Ring Compression Tests  2   1    

http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2083.pdf
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2112 Final Obtention of Fracture Properties of Unirradiated Hydrogen-charged Fuel Cladding from Ring Compression 
Tests  

2   1    

2032 Final Coolability of Ballooned VVER Bundles with Pellet Relocation  2   1    
2105 Final Transient Dry Out in Forsmark 2 during a Fast Pump Runback – Course of Events, Fuel Investigations and 

Measures Taken  
2   1    

 
2.10 Transient Fuel Behavior: LOCA-II (Poster Session) 
Tuesday, September 8, 2009 • 16:00-18:00  
2138 Final Ductile-to-Brittle Transition Behavior of the HANA Claddings after LOCA Simulated Oxidation and Water 

Quenching Test  
poster   moved from 
Global    

2026 Final Evaluation of ECR and PCT in Balloon Region Under LOCA Conditions of the Halden IFA 650 Tests 
(Single Rod Tests)  

2      

2137 Final A Procedure to Address the Fuel Rod Failures during LB-LOCA Transient in Atucha-2 NPP  2   1    
2192 Final A Review of Past and Present Reactor Safety Evaluations in Loss of Coolant Accidents  2      
2131 Abs.a Embrittlement evaluation of oxidized fuel cladding and spent fuel cladding by ring compression test  2   1    
 
 
3.00: Advances in Water Reactor Fuel Technology and Testing 
Alain Frichet, AREVA, France (alain.frichet@areva.com) 
Jean-Noel Canat, AREVA, France (jeannoel.canat@areva.com) 
David Schrire, VATTENFALL, Sweden (david.schrire@vattenfall.com) 
Christian Hellwig, NOK, Switzerland (christian.hellwig@NOK.ch) 
Sadaaki Abeta, Mitsubishi Corporation, Japan (sadaaki.abeta@mitsubishicorp.com) 
Kyu Tae Kim, KNF, Korea (ktkim@knfc.co.kr) 
Yong-Hwan Jeong, KAERI, Korea (yhjeong@kaeri.re.kr) 
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3.01 Core Design and Leaking Fuel Monitoring Analysis-I 
Wednesday, September 9, 2009 • 8:30-10:00  
Christian Hellwig, NOK, Switzerland (christian.hellwig@NOK.ch) 
A. Van De Velde, AREVA, France () 
2157 Final AREVA NP’s Advanced Thermal Hydraulic Methods for Reactor Core and Fuel Assembly Design  3      
2191 Final Advanced Codes & Methods Supporting AREVA Fuel Solutions  3   3    
2056 Final VVER-440 Fuel Cycles Possibilities Using Modified FA Design  move to track 3 from 

5      
2062 Final An Improved Model for Predicting Coolant Activity Behaviour for Fuel-Failure Monitoring Analysis  1   2    
 
3.02 Core Design and Leaking Fuel Monitoring Analysis-II (Poster Session) 
Tuesday, September 8, 2009 • 16:00-18:00  
2146 Final Leaching Studies on ACR-1000 Fuel Under Reactor Operating Conditions  from Global      
2066 Final Platform-Based Modelling of Intact and Defective Fuel Behaviour  1   2    
2027 Final Verification of Assembly Head Coolant Mixing Model Using Operational Data of Paks NPP  move to track 3 from 

5      
 
3.03 FA Development & Global FA Behaviour-I 
Monday, September 7, 2009 • 14:00-15:30  
David Schrire, VATTENFALL, Sweden (david.schrire@vattenfall.com) 
G. Chaigne, EDF, France () 
2162 Final Robustness in the Design and Manufacture of the AP1000 Fuel Assembly  1   5    
2187 Final ATRIUM™ Fuel - Continuous Upgrading for High Duty BWR Plants       
2135 Final 3-D Modeling of Fuel Assembly Bow for EDF PWRs  1   3    
2099 Final Statistical Comparing Method for Debris Filtering Effectiveness  3   1    
 
 

http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2157.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2191.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2056.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2062.pdf
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3.04 FA Development & Global FA Behaviour-II 
Monday, September 7, 2009 • 16:00-18:00  
Jean-Noel Canat, AREVA, France (jeannoel.canat@areva.com) 
D. Maertens, TÜV NORD ENSYS, Germany () 
2133 Final Experimental Benchmark of a Lift Force Model for PWR Fuel Assemblies  1   3    
2028 Final An Evaluation on the Fluid Elastic Instability of the Fuel Rod for OPR1000 Plants  3   2    
2014 Final Prediction of Grid to Rod Gap for Fuel Rod Vibration Analysis in PWR Cores  1   5    
2021 Final Methodology to Access Fuel Assembly Dimension Stability on Design Stage  3   1    
2031 Final The Parametric Study of Power Spectral Density (PSD) and Correlation Length Models in VITRAN Code  3   2    
 
3.05 FA Development & Global FA Behaviour-III (Poster Session) 
Tuesday, September 8, 2009 • 16:00-18:00  
2139 Final GNF2 Advance Fuel Design, Licensing and Operation at Cofrentes NPP  1   2    
2134 Final EDF Methodology to Qualify New Products Regarding Grid to Rod Fretting Performance  poster      
2110 Final Advances in Forecasting and Prevention of Resonances Between Coolant Acoustical Oscillations and Fuel 

Rod Vibrations  
3   5    

 
 
3.06 Fuel Behaviour & Modelling-I 
Wednesday, September 9, 2009 • 10:30-12:30  
Sadaaki Abeta, Mitsubishi Corporation, Japan (sadaaki.abeta@mitsubishicorp.com) 
F. Curca-Tivig, AREVA, Germany (florin.curcativig@areva.com) 
2184 Final Validation of Advanced Fuel Performance COPERNIC3 Code on AREVA Global Database up to 

100GWd/tM  
     

2035 Final Experimental and Computational Analysis of the Development of Intergranular Bubbles in Oxide Fuels  1   2    
2009 Final AREVA Advanced MOX Fuel Assembly Manufacturing  3      
2033 Final Fundamentals of GNF Al-Si-O Additive Fuel  3   1    

http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2133.html
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2028.pdf
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2129 Final Effect of Grain Size on the Formation of High Burnup Structure in UO2 fuel by Two-dimensional Potts 
Model  

3   1    

2109 Final Release of Volatile Fission Products during Thermal Annealing of Irradiated LWR UO2 Fuels  1   2    
 
3.07 Fuel Behaviour & Modelling-II 
Wednesday, September 9, 2009 • 14:00-15:30  
Patrick Blanpain, AREVA, France (Patrick.Blanpain@areva.com) 
M. Verwerfh, SCK- MOL, Belgium () 
2037 Final Mesoscale Simulation of Fission Gas Behavior in LWR Fuels Using Potts Kinetic Monte Carlo Techniques 1   3    
2023 Final Trend in Plutonium Content of MOX in Thermal Reactor Use and Irradiation Behavior of MOX with High 

Plutonium Content  
1   3    

2174 Final Development of a Self-standing Numerical Tool to Compute Chemical Equilibria in Nuclear Materials  1   2    
2065 Final Isotopic Composition of Fission Gas Release from MOX Fuel and Microstructure Effect  1   3    
 
3.09 Testing Methods & Test Facilities-I 
Tuesday, September 8, 2009 • 14:00-15:30  
D. Gilbon, CEA, France () 
S. Grigoriev, Studsvik, Sweden () 
2039 Final Advanced Fuel/Cladding Testing Capabilities in the ORNL High Flux Isotope Reactor  1   3    
2179 Final An Out-of-Pile Method to Investigate Iodine-induced SCC of Irradiated Cladding  1   3    
2090 Final Characterization of the Crud Layer on BWR Cladding  3   5    
2103 Final The Influence of Non-standard Testing on Fracture Toughness of Fuel Cladding  1   3    
2046 Final Measurement of the Stress Developed in ZrO2 Thin Film  1   3    
 
3.10 Testing Methods & Test Facilities-II (Poster Session) 
Tuesday, September 8, 2009 • 16:00-18:00  
2175 Final Operation of Fuel Test Loop for Passivation  1   2    

http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2129.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2129.pdf
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http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2103.html
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2046.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2175.pdf


2111 Final New Method to Calculate the Mechanical Properties of Unirradiated Hydrogen-charged Fuel Cladding from 
Ring Tensile Tests  

1      

2042 Final Development of Commercial Length Nuclear Fuel Post-Irradiation Examination Capabilities at the Oak 
Ridge National Laboratory  

1   3    

2041 Final An Expanding Plug Test Method for Determining Hoop Stress-Strain Curves of Irradiated Nuclear Fuel 
Cladding  

1   3    

2029 Final Fast Fusion of an Oxide Nuclear Fuel with Certain Metallic Fluxes Under an Inert Gas Atmosphere Using 
an Electrode Furnace  

poster   2    

 
3.11 Zirconium Alloys Behaviour-I 
Tuesday, September 8, 2009 • 10:30-12:30  
Alain Frichet, AREVA, France (alain.frichet@areva.com) 
Yong-Hwan Jeong, KAERI, Korea (yhjeong@kaeri.re.kr) 
2049 Final The Characterization of Oxide Layer of Zirconium-based Alloys Focusing on Hydrogen Absorption 

Behavior  
3   1    

2081 Final An Analytical Approach to Assess the Effect of Additives on the Susceptibility of Zirconium Alloys to 
Nodular Corrosion  

3   1    

2136 Final Hydrogen Pick Up Fraction for ZIRLO™ Cladding Corrosion and Resulting Impact on the Cladding 
Integrity  

1   2    

2007 Final Characterization of VVER-1000 Fuel Rods After Their Testing Under Steady-State Conditions at Increased 
Power and Surface Boiling  

1      

2078 Final A Micro-structural Analysis of the Metal-oxide Interface Formed on Oxidized Zirconium Alloys  3   3    
2077 Final The Hydrogen Pickup Behavior for Zirconium-based Alloys in Various Out-of-pile Corrosion Test 

Conditions  
3   1    

 
3.12 Zirconium Alloys Behaviour-II (Poster Session) 
Tuesday, September 8, 2009 • 16:00-18:00  
2132 Revd. Lead Test Assemblies (LTA) Program Containing New Zirconium-Niobium Alloys Developed in Japan  3   5    

http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2111.pdf
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2111.pdf
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2130 Abs.a Characterization of hoop-directional creep behaviors of hydrided fuel cladding and spent fuel cladding  move to 2 (from 4)   
1    

2127 Final About a Threshold through Defect in Zirconium Cladding of the Nuclear Fuel Elements  poster      
2118 Final Life Extension and Operating Characteristic Improvement of LWR Zirconium Components by Surface 

Modification  
3   5    

2020 Final Corrosion and Hydrogen Uptake Behavior and Modeling for Modern BWR Cladding Materials at High 
Burnup  

3   1    

 
 
4.00: Concepts for Transportation and Interim Storage of Spent Fuels and Conditioned Waste (Shared with Global 2009) 
Track Shared with Global 2009 , , (please visit: www.inspi.ufl.edu/global2009/program) 
, , () 
Michel Debes, EDF, France (michel.debes@edf.fr) 
Michel Hartenstein, AREVA, France (michel.hartenstein@areva.com) 
Jung-Won Lee, KAERI, Korea (jwlee3@kaeri.re.kr) 
Jong-Won Choi, KAERI, Korea (njwchoi@kaeri.re.kr) 
Chang Lak Kim, KHNP-NETEC, Korea (clkim@khnp.co.kr) 
 
 
5.00: Innovative Fuel Design and Core Management 
Jean-Claude Thieblemont, CEA, France (jean-claude.thieblemont@cea.fr) 
Philippe Brossard, CEA, France (philippe.brossard@cea.fr) 
Yang-Hyun Koo, KAERI, Korea (yhkoo@kaeri.re.kr) 
Kwanghyun Park, Kyunghee Univ., Korea (kpark@khu.ac.kr) 
 
5.01 Innovative Fuels-I 
Monday, September 7, 2009 • 16:00-18:00  
Michel Boidron, CEA, France (michel.boidron@cea.fr) 
Marius Stan, LANL, USA (mastan@lanl.gov) 
2115 Final Enhancement of Uranium Dioxide Burnup Capabilities Using Oxide Additives  5   3    

http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2130.html
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2127.html
http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2118.pdf
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http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2115.pdf


2108 Final A Commercial Thorium-based Fuel for LWRs  5   3    
2159 Final Compact Fuel Based On Micro-Hetero Structure  5   3    
2145 Final The Predictive Maturity of a Fuel-relevant Material Model  from Global      
2140 Final Thermo-elastic Analysis of a Dual Cooled Annular Fuel Behavior  5   3    
 
5.01 Innovative Fuels-II 
Tuesday, September 8, 2009 • 10:30-12:30  
Yang-Hyun Koo, KAERI, Korea (yhkoo@kaeri.re.kr) 
Jean-Claude Thiéblemont, CEA, France (jean-claude.thieblemont@cea.fr) 
2189 Final Addition of Erbium as a Neutronic Burnable Poison in Zirconium Base Nuclear Fuel Cladding Tube  5   3    
2058 Final Fuel for VVER-1200 New Russian Reactor  5   1    
2016 Final Study of the Mechanism of Mixed Carbides Synthesis by Carbothermic Reduction of UO2 and PuO2 

Mixture  
5      

2005 Final Assessment of Cold Composite Fuels for PWRs  5   5    
2002 Final Fuel of Novel Generation for VVER and PWR  5   3    
 
5.01 Innovative Fuels-III (Poster Session) 
Tuesday, September 8, 2009 • 16:00-18:00  
2181 Final Inert-matrix for Nuclear Fuel Based on Ceramic Materials  poster      
2075 Final Diametric Tolerance Control of Dual Cooled Annular Fuel Pellet without Inner Surface Grinding  poster   5    
 
5.02 In Pile Behavior-I 
Wednesday, September 9, 2009 • 10:30-12:30  
Laurence Brunel, AREVA, France (laurence.brunel@areva.com) 
Philippe Brossard, CEA, France (philippe.brossard@cea.fr) 
2034 Final Study on Silicide Fuel Behavior during Power Transient  2   1    
2126 Final A Study on Thermo-Mechanical Behaviour of LWR Fuel Rod with SiC Cladding  5   1    

http://www.inspi.ufl.edu/topfuel2009/program/abstracts/2108.pdf
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2185 Final A Potential of Dual Cooled Annular Fuel for OPR-1000 Power Uprate       
2088 Final Initial Core Vibration Design of Dual-Cooled Annular Fuel Element: Number of Support  5   1    
2024 Final Advanced Fuels for PHWRs and ACRs  5   3    
2012 Final Irradiation Test of Dual-cooled Annular Fuel Pellets  5   3    
 
5.02 In Pile Behavior-II (Poster Session) 
Tuesday, September 8, 2009 • 16:00-18:00  
2089 Final Preliminary Study on the Fretting Wear Behaviors of a Duel Cooled Fuel Rod  5   5    
 
5.03 Innovative Concepts 
Wednesday, September 9, 2009 • 14:00-15:30  
Philippe Billot, CEA, France (philippe.billot@cea.fr) 
Valentin Fhager, Thor Energy AS, Norway (valentin.fhager@scatec.no) 
2053 Final The Interest of Burnup Increase in a Recycling Context  5   1    
2158 Final The Usage of Nano-Clustered Fuels for Rare Isotope Production  5   3    
2143 Final Innovative Nuclear Fuels: Results and Strategy  from Global      
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Extended Abstract 
 
This paper provides a summary of the operational experience at LaSalle 1 and LaSalle 2 
regarding channel control-blade interference that occurred in 2007 and 2008.  Channel 
distortion data from LaSalle 1 provides a characterization of distortion in all four bundles 
in cells that experienced channel interference and cells that did not.  Also, this paper 
provides a new channel distortion management strategy implemented at LaSalle 2 that 
avoided a mid-cycle outage.   
 
LaSalle 1 and LaSalle 2 are GE designed Boiling Water Reactors (BWR/5 Type) that 
generate 1195 MW electric.  During 2007 and 2008, each core had 1st and 3rd Cycle 
AREVA ATTRIUMTM 10 fuel with 100 mil Zr-2 channels and 2nd Cycle GNF GE14 fuel 
with 120/75 mil Zr-2 channels.  As a result of the channel control-blade interference 
observed in 2007 and 2008, two peripheral cells in LaSalle 1 and two (1 peripheral & 1 
interior) cells in LaSalle 2 were declared inoperable.   
 
The first observations of channel control-blade friction occurred in September 2007 in 
LaSalle 1 about 6 months prior to the end of a 2-year cycle.  LaSalle 2 had started up 
approximately 6 months earlier and had 18 months left the cycle.  The initial observations 
(eventually seven cells with no-settle conditions1 were observed in LaSalle 1) were 
limited to the peripheral cells where fluence gradient-induced bow was the dominant 
distortion mechanism.  However, near the end of cycle in LaSalle 1 in January 2008, a 
number of interior cells were unexpectedly found to not settle.  These were later 
determined to be a result of shadow corrosion-induced bow.  Further testing to determine 
the extent of condition found a total of nine interior cells that failed the no-settle criterion.  
These unexpected observations instigated a significant response that resulted in an 
extensive expansion of the work scope for the upcoming outage that began on February 
4, 2008.  Specifically, a large channel measurement campaign and a large rechanneling 

                                                 
1 In BWR plants, control rods are inserted from the bottom of the core. In GE BWR/2-6 plants, the most 
sensitive test of channel interference is the settle test.  The settle time is the time to settle into a notch when 
withdrawing the rod - for example, from notch 02 to 04.  Normal settle times may very from plant to plant 
but generally are around 2 seconds.  Slower-than-normal settle times are the first indication of channel 
control-blade interference.  A no-settle condition occurs when the settle time is greater than 30 seconds. 



campaign were added.  The measurement campaign included 47 100 mil channels and 29 
120/75 mil channels.  Eleven of the cells with a no-settle condition were fully 
characterized and compared to seven cells that had settle times from 0.6 seconds to 7.7 
seconds.  The distortion measurements showed that for normal settle times (<~2 seconds) 
there was no measured interference.  That is, the distortions were less than the available 
gap.  However, for the settle times greater than 2 seconds the measured distortions 
indicated contact between the channels and the blade.  As expected, the settle times 
correlated to the amount of interference.  The ability to fully characterize all the bundles 
in a cell provided a unique opportunity to observe how much distortion is required to 
cause indications of channel control-blade interference.  The results show that the settle 
test is a leading indicator of channel control-blade interference and can be used to verify 
that significant interference is or is not present.   
 
The industry response to the LaSalle observations was to determine the extent of 
condition; specifically Nine Mile Point 2 and Limerick 1 core loadings were investigated 
because these plants were at a similar point in their cycles with similar cell loading 
patterns.  No significant indications of channel control-blade interference were observed 
in testing at Nine Mile Point 2 and Limerick 1 indicating that the observations at LaSalle 
appeared to be limited to LaSalle.  These results supported Exelon’s decision to eliminate 
any potential problems in Cycle 13 at LaSalle 1 by rechanneling over (109) 1st cycle 
AREVA bundles and (97) 2nd cycle GNF bundles.  
 
In LaSalle 2, the first signs of channel control-blade interference also occurred in 
September 2007 in a peripheral cell (58-27).  This cell was eventually declared 
inoperable and remained that way for the rest of the cycle.  By the end of May 2008, five 
additional peripheral cells had not settled, though they remained operational.  Based on 
the measurements from LaSalle 1, there was a concern that a mid-cycle outage to perform 
a rechanneling campaign might be necessary in order to operate LaSalle 2 until the 
outage in March 2009.   
 
The mid-cycle outage was avoided when the control rods were fully inserted in the no-
settle cells in late June.  Inserting the control rods in the no-settle cell arrested and, in 
some cases, reversed the accumulation of friction between the channel and control blade.  
Two potential causes for the observations have been considered.  The most likely 
explanation is that when the blade is inserted in a cell with channel control-blade 
interference, the channel is forced to straighten; the resulting stress in the channel is then 
relieved by irradiation creep decreasing the normal force between the channel and the 
blade and thus decreasing the friction.  Another potential benefit of inserting the blades is 
that it enhances the fluence gradient to cause bow away from the blade.  Regardless of 
the reason for the decreased friction, other plants may take advantage of this new channel 
management technique to avoid mid-cycle outages just for rechanneling.     
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ABSTRACT 

 

A huge effort has been done during the last ten years in order to significantly reduce the nuclear KWh cost using the 

fuel lever. Particularly, thanks to new core managements, a better optimization has been obtained between nuclear fuel 

cost and alternative electricity supply cost. At the same time, an improvement of operation flexibility remains a 

permanent concern for EDF in the specific French context with a large scale of electricity supply by NPP. Concerning 

the back end of the cycle, for a long time, EDF strategy has chosen to close the fuel cycle and to recycle the valuable 

plutonium and uranium extracted from irradiated fuel. 

 
 

Progressively a mix of twelve and eighteen month cycle lengths core managements has been implemented on the 

various series of the nuclear fleet. The maximum discharged burn-up of the fuel for all these new core managements has 

been raised up to 52 GWd/t for all UO2 and MOX fuel assemblies. A large program of out and in pile experiments 

including LTA irradiations has supported the development and the qualification of new fuel products that meet the 

required performances with at least the same safety level. Advanced materials have been adopted like M5
TM
 for 

AREVA fuel and ZIRLO for Westinghouse fuel, with significant benefits compared to Zircaloy 4, in particular 

regarding fuel clad corrosion.  

 

The operating requirements are also more demanding regarding fuel performance in terms of ability to sustain load- 

follow conditions all along the cycle but also to run at low power during long periods in order to ease the management 

of operating hazards. 

 

New primary coolant chemistries like “Li/Bore modified chemistry” (Li =3,5ppm at the beginning of the cycle) and 

Zinc injection have been tested in reactors and have allowed to demonstrate the absence of adverse effects on fuel 

corrosion. So “Li/Bore modified chemistry” is now implemented on the most severe core management considering the 

potential risk of AOA, and Zinc injection is under consideration for several plants in order to reduce the irradiation dose 

rate.  

 

 

Globally, nuclear fuel operating feedback experience is satisfactory. Nevertheless, some unexpected fuel issues have 

arisen but without any safety risk considering the Operating Technical Specifications limitations. In this field, the 

following main issues have been identified : Grid to rod Fretting wear, Clad manufacturing defect and Assemblies’grids 

hanging-up during loading and unloading. Thanks to the heavy involvement of EDF engineering division and fuel 

vendors, solutions for each problem have been identified and already implemented or should be in near future. Some 

positive advantages are already noticeable but it will take a long time to fully demonstrate the efficiency of the 

modifications for the fuel.  

 

 

In the new context of open markets in Europe, the stakes for the fuel are slightly modified. This strongly presses EDF to 

keep on improving the availability factor of the plants. As the fuel reliability contributes to this effort and also could 

reduce the environmental impact, EDF has decided to focus on this topic in the same way as Zero by Ten INPO project. 

For instance specific cares should be adopted to reduce the amount of debris in the vessel and to reinforce the 

fabrication surveillance.  

 

In addition, EDF is looking for an increase of the amount of fuel recycling material particularly for the recycled 

Uranium and is also considering an upgrade of the power of some plants. 

 



BWR Fuel Corrosion and Crud Performance Issues and Mitigation Approaches 
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BWR fuel has had a long history of successful operation, but has experienced sporadic 
incidences of cladding corrosion-related fuel failure over the last three decades.  During 
the first half of the current decade, four BWR units in the U.S. experienced corrosion and 
crud induced fuel failures with two of the units needing to prematurely discharge all fuel 
in the affected reloads.  Excessive deposition of tenacious crud was attributed to cause 
one of the failure events.  Poolside and hot examination of the chemistry and morphology 
of the tenacious crud revealed the harmful nature of the crud and the source of the 
chemical species in the water chemistry which contributed to the failure.  Another 
corrosion failure event exhibiting enhanced cladding corrosion and surface spallation was 
subjected to hot cell examination with several potential contributing factor identified, yet 
the root cause remains inconclusive.  In review of the characteristics of the historical and 
more recent corrosion related fuel failures, it is evident that the three major contributing 
factors are: water chemistry impurities and additives, cladding material variability, and 
the local fuel duty variations.  The roles of the contributing factors and approaches to 
mitigate their impact on fuel performance are discussed.  One particularly interesting 
aspect of water chemistry relates to monitoring the effect of water chemistry changes on 
fuel performance. Modification of the oxidizing chemistry condition in BWR water has 
been deemed necessary as a part of plant operational improvement and plant life 
extension efforts.  These changes include zinc injection for reducing plant shutdown 
doserate, and hydrogen water chemistry (HWC) and noble metal chemical application 
during outage (NMCA) or plant operation (OLNC) for mitigating stress corrosion 
cracking of plant system materials.  The EPRI Fuel Reliability Program (FRP) has 
collaborated with system and fuel vendors to perform fuel surveillances.  Based on fuel 
failure experiences and fuel surveillance results, concentration limits on specific water 
chemistry impurities and zinc addition, as well as noble metal addition have been adopted 
by US BWRs to ensure that sufficient margins are maintained for fuel reliability. The role 
of local fuel boiling duty has been considered to have a second order effect with respect 
to fuel corrosion and crud issues, as certain characteristics, such as azimuthal and axial 
variations in cladding corrosion and crud deposition, have been frequently observed. A 
project has recently been initiated to assess the fuel surface boiling duty within fuel 
channels and how crud deposition and cladding corrosion and hydriding may be 
correlated to the local boiling conditions under irradiation.  Finally, FRP and industry 
data have shown a clear trend of accelerated hydriding of Zircaloy-2 components  with 
increasing burnup and the need to either improve Zircaloy-2 or having a new replacement 
Zr-alloy will be discussed. 
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Local Fuel Rod Crud Prediction Tool Applications 
 
A code system with attendant methods has been developed for modeling local fuel rod 
crud.  This tool is used to perform the Crud Induced Localized Corrosion (CILC) risk 
assessment recommended by the EPRI crud and corrosion guidelines, which were 
developed in response to the INPO zero fuel failures by 2010 initiatives.  The 
methodology is in production use.  This paper will describe the range of problems the 
methodology has already been applied to and the especial pertinence to low duty fuel 
applications. 
 
The methodology begins with Computational Fluid Dynamics (CFD) computations over 
a fuel assembly grid span.  The CFD results provide detailed relative variations in local 
heat transfer coefficient over the grid span.  These very local relative variations are used 
to determine very local thermal hydraulic conditions over the entire axial length of every 
fuel rod in a reactor core over the life of the rod in reactor.  The expansion using the local 
relative variations is currently accomplished with the HIDUTYDRV code.  The very 
local thermal hydraulic conditions are combined with reactor coolant crud concentrations 
derived from EPRI BOA analysis as input to models for predicting very local fuel rod 
crud deposition.  The reactor coolant crud concentrations are determined over each 
reactor cycle by reactor system wide crud mass balance calculations.  The reactor coolant 
crud concentrations are used to calculate local crud thickness using mass transfer models 
which are a function of the local thermal conditions.  The advanced crud deposition 
models also include models for calculating local crud dryout.  Local crud deposition and 
crud dryout are strongly dependent on very local boiling or steaming, which are predicted 
through the translation of the CFD results.  The local crud thickness and degree of local 
crud dryout are key factors in determining the margin or risk for local fuel rod cladding 
crud induced fuel failure. 
 
The development and first application of these methods was in response to two CILC fuel 
failures observed in a reactor plant where fuel rod crudding was not initially of concern 
due to negligible predicted fuel rod steaming on a fuel assembly subchannel scale.  The 
fuel rod crud observed in the reactor cycle with the fuel rod CILC failures was very 
localized, but was heaviest on those fuel rods with relatively higher fuel rod duty.  These 
indications led to development of the more locally detailed predictive capability.  And, 
based on the observed behavior, guideline limits have been established by benchmarking 
the methodology to the fuel rod crud induced fuel failures.  The guideline limits are used 
in designing fuel managements.  Application of these tools in subsequent fuel 
management design for later reactor cycles in both the plant where the CILC fuel failures 
occurred and in its sister plant with similar operating characteristics have avoided a 
recurrence of the CILC fuel failure. 
 



These tools were also used when a new fuel design with mixing vane grids was 
introduced in two plants previously fueled with non-mixing vane grids.  The predictive 
tools account for the thermal hydraulic transition core effects.  Interestingly, the plant 
with the generally higher fuel duty, a plant that had experienced Crud Induced Power 
Shift (CIPS) in earlier cycles, is predicted to easily meet the CIPS and CILC guidelines 
for the transition and following cycle.  While the other plant, which has not experienced 
CIPS in earlier cycles, is predicted to be operating close to the CILC guideline limits in 
the transition cycle.  The higher duty plant is predicted to have appreciable fuel rod 
surface area that is steaming over the reactor cycle, while the lower duty plant is 
predicted to have relatively little fuel rod surface area in steaming.  The interpretation is 
that with a relatively similar crud source in the coolant, a smaller steaming surface area 
may act as a stronger sink for the available crud, resulting in locally thicker crud.  This is 
a similar situation to what occurred in the earlier CILC fuel failures that accelerated the 
method development. 
 
The tools have also been applied to a number of other fairly low duty plants.  One 
application was to investigate the implementation of reactor coolant zinc addition in two 
similar low duty plants.  Zinc addition is expected to increase the reactor coolant crud 
concentrations initially, with attendant increase in risk of CIPS or CILC.  The predictions 
for both of these plants with and without the zinc addition showed relatively benign risk.  
Another application involved investigation of a relatively large uprating of a low duty 
plant.  The utility is actively pursuing radial enrichment zoning of fuel rods within the 
assembly to minimize fuel rod corrosion.  Again, the advanced crud analysis tools 
showed relatively benign risk. 
 
Based on the observed CILC fuel failures at what would traditionally be interpreted as a 
“low duty” plant and predictions in a number of real fuel design applications to other 
plants using very local fuel rod crudding analysis tools developed from the original CILC 
fuel failure observations, CILC fuel failure risk may be elevated in certain low duty 
plants.  The elevated CILC fuel failure risk appears to arise in those situations in which 
sufficiently strong fuel rod steaming occurs over relatively small surface areas in the 
presence of typical or elevated reactor coolant crud concentrations for sufficient time.  
Assessment of the risk level is expected to require very local crud predictive tools 
comparable to the tools described herein.  Traditionally, high CIPS and CILC risk has 
been associated with high fuel duty, i.e. prolonged high fuel steaming.  However, high 
CILC risk may also be present in low duty plants, with the right combination of sufficient 
steaming over small surface areas. 
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ABSTRACT 

 
Grid to rod fretting has been the major cause of fuel rod leakers in PWR reactors. This cause 

has been eliminated in the 17x17 Robust Fuel Assembly (RFA)1  
The RFA is the standard product provided by Westinghouse and ENUSA for the 17x17 array 

with 9,50  mm diameter fuel rods and 12 ft or 14 ft active length. RFA fuel performance has been 
excellent A large amount of operating experience has been achieved with the RFA since its 
introduction in 1997. As of 2008, more than 11.000 RFA fuel assemblies have operated in 39 
plants in the United Sates, Europe and South Africa. There has not been RFA leaking fuel due 
to grid to rod fretting. Inspections of healthy fuel operated after three and four 18-month cycles 
have confirmed the good fretting wear marging with the RFA design. 

The tools implemented by Westinghouse and ENUSA to investigate grid to rod fretting 
involve analytical techniques, hydraulic loops and on site inspection techniques2.  

Analytical tools include VIBAMP and VITRAN codes which are used together with CFD 
codes as scoping study tools to simulate fuel rod vibration and fretting wear at the fuel design 
stage enabling comparative benefits of new design features. 

The hydraulic testing systems are comprised of various loops to optimize design features of 
the fuel assembly such as the VIPER loop for long term wear endurance tests, FACTS for single 
assembly hydraulic studies and VISTA for high frequency vibration.  

Fretting wear characterization on site is performed by removing selected fuel rods from the 
bundle. High magnification cameras and video are used to enable the wear depth to be 
determined conservatively based on geometrical considerations. An eddy current method may 
be used to screen the contact points on the fuel rod for rod thinning. A LVDT probe is employed 
to directly measure the wear depth of scars were visual methods are questionable. Statistical 
treatment of the wear data with Combined Cumulative Distribution Function (CCDF) method 
enables to use the small sample population to infer the performance of the large number of fuel 
rods in core, and to consistently evaluate wear performance from different PIEs and fuel 
designs. 

This paper presents the successful performance of the RFA fuel regarding grid to rod fretting 
and how the advancements in testing, analysis and inspection methods have been applied to 
achieve and confirm this performance. 

 
 

[1] Patricia Loftus, David Chapin, “17x17 Robust Fuel Assembly: A Decade of Excellent Fuel 
Reliability and Competitive Fuel Cycle Economics”, Top Fuel Meeting , Seoul, Korea (October 
2008). 
[2] Robert Buechel, Zeses Karoutas, Roger Lu, “Grid to Rod Fretting Performance of 
Westinghouse Fuel”, Top Fuel Meeting , Seoul, Korea (October 2008). 
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Current nuclear fuel cycle of Russian nuclear power involves reprocessed low-

enriched uranium in nuclear fuel production for some NPP units with VVER-type LWR.  
This paper discusses design and performance characteristics of commercial nuclear 

fuel based on natural and reprocessed uranium. It presents the review of results of 
commercial operation of nuclear fuel based on reprocessed uranium on Russian NPPs—unit 
#2 of Kola NPP and unit #2 of Kalinin NPP. The results of calculation and experimental 
validation of safe fuel operation including necessary isotope composition conformed to 
regulation requirements and results of pilot fuel operation are also considered. Meeting the 
customer requirements the possibility of high burn-up achieving was demonstrated. 

In addition the paper compares the characteristics of nuclear fuel cycles with 
maximum length based on reprocessed and natural uranium considering relevant 5% 
enrichment limitation and necessity of 236U compensation. The expedience of uranium-235 
enrichment increasing over 5% is discussed with the aim to implement longer fuel cycles.  
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GNF ENUSA Nuclear Fuel S.A. (GENUSA) was formed in Madrid in May 1996.  

GENUSA is a corporation organized and existing under the laws of Spain, jointly 

owned by GNF-A and ENUSA. GENUSA consolidates all European BWR fuel 

marketing activities of GNF-A and ENUSA, primarily providing marketing and 

project management.  In its standard way of operating, it will obtain engineering, 

components and conversion from GNF-A and engineering, fabrication and fuel 

related services from ENUSA. 

GENUSA’s development philosophy over the past decades has been to 

introduce evolutionary designs, supported by our global experience base, that 

deliver the performance needed by our customers to meet their operating 

strategies. GENUSA considers, as one of our strengths, the ever-increasing 

experience base that provides the foundation for such evolutionary changes. This 

experience is supported and complemented with an even greater GNF experience. 

Over the last 40 years, GNF and ENUSA have designed, fabricated, and placed in 

operation over 144,000 BWR fuel bundles containing over 9.7 million fuel rods. 

This experience base represents the widest range of operating conditions of any 

BWR fuel vendor, reflecting varying reactor power densities, operating strategies, 

and water chemistry environments. It covers operating periods of up to ~10 years 

and bundle average exposures up to 68 MWd/kgU.. It provides the confirmation of 

our understanding and ability to model fuel performance behavior, and has been 

instrumental in the identification and characterization of each encountered failure 
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mechanism. With the knowledge gained from this extensive experience base, 

mitigating actions have been developed and progressively implemented by 

GENUSA as part of a continuous program toward improved fuel reliability and 

performance. 

GENUSA’s evolutionary product introduction strategy has been extremely 

successful. There has been a continuous stream of new products/processes that 

were developed to deliver improved performance. Relative to the 8x8 fuel operated 

in the 1980s, today’s designs provide ~25% more efficiency and power capability 

and twice as much energy. Because of GENUSA’s evolutionary design 

commitment, these product improvements have been successfully rolled out to our 

customers with no design or fabrication-related performance surprises. 

Additionally, this has been accomplished with an accompanying steady 

improvement in fuel reliability. In the past three decades, fuel reliability has 

improved by approximately three orders of magnitude. That is, the fuel rod leaker 

rate has been reduced from over five hundred rods per million operating, to less 

than ten. In past decades, most plants experienced failures each cycle, and fleet-

wide failure mechanisms drove reliability statistics. Today, a small minority of our 

customers’ plants experience failures in any cycle, mainly recurrent, low level 

debris fretting failures in a handful of plants. GENUSA is committed to providing 

the most robust, and balanced, fuel solutions to our customers based on our 

extensive experience and technological capabilities.  

Identifying and successfully mitigating the mechanisms that cause fuel 

failures has been instrumental in this observed improvement in fuel reliability. 

GENUSA systematically identified and eliminated mechanisms leading to failure 

through poolside and hotcell examinations, and feedback of lessons learned into 

the design and fabrication of the fuel. Some of the highly successful mitigating 

actions during this history include:  

• Improved pellet fabrication in the 1970’s to eliminate cladding primary 

hydride failures; 

• Corrosion-resistant cladding, with a chemistry and microstructure 

specifically targeted to protect against crud-induced corrosion (CILC) 

failures  
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• Improved cladding and welding fabrication and inspection techniques 

that assured the hermeticity and quality of the delivered fuel rod; • 

Tightened pellet missing surface specifications to add PCI margin  

• Introduction of a debris filter, applied as a standard feature to 10x10 

GE14, and as an optional feature in 9x9 fuel, to address debris 

fretting, as well as advancements to debris filters to achieve even 

better resistance to debris ingress. 

GENUSA has always taken the necessary steps to assure the infrastructure and 

technology are in place to support each product or potential product introduction 

program. This paper will describe these steps and the evolution of the GENUSA 

delivered product in Europe starting with the first Garoña reload product and finish 

with a slight description of how our latest product, GNF2, was born. This will 

include how GENUSA opened to the European market and all the different 

products that GENUSA has offered and offers nowadays. 
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The EDF strategy of improving the operating efficiency and economic competitiveness of its 
nuclear plants has required development of advanced fuel designs to support the operating 
requirements.  Among the requirements are high burnup, operational flexibility, enhanced fuel 
reliability, extended cycle lengths, coolant chemistry flexibility, power uprating, and closure of 
the fuel cycle (MOX).  These requirements place increased demands on the fuel design to 
support these objectives while providing necessary safety margins in fuel rod design and 
structural design as well as providing operational flexibility and robustness.  In 2000, EDF 
initiated a program with the European Fuel Group (EFG) to implement advanced fuel designs for 
the EDF 900 MWe and 1300 MWe plants. EFG is an alliance between Westinghouse and 
ENUSA which supplies fuel designs and technology to European PWR plants.   

The EFG fuel designs for EDF, termed the Robust Fuel Assembly RFA 900 and RFA 1300, are 
based on Westinghouse fuel technology used in plants worldwide.  The initial reloads used 
Zircaloy-4 for the fuel rod and assembly structures.  The advanced ZIRLO material was licensed 
in France in 2006 for fuel assembly burnup of 52 GWD/t and EFG reloads for EDF are now 
using ZIRLO for cladding and fuel assembly structures.  ZIRLO has demonstrated excellent 
operating performance with low corrosion and good dimensional stability (low growth) in more 
than 29,000 ZIRLO assemblies operating or discharged in more than 80 reactors worldwide.  
Westinghouse has developed Optimized ZIRLO with slightly reduced tin content as an 
evolutionary improvement to ZIRLO to provide enhanced corrosion resistance.  EDF and EFG 
are planning to introduce Optimized ZIRLO in reloads in 2010 to provide further performance 
margins to support the future operating goals of EDF.  A comprehensive qualification and testing 
program has been performed by EDF and EFG to support licensing of Optimized ZIRLO in 
France to fuel assembly burnup of 52 GWD/t.  This paper discusses the programs that have been 
performed for the qualification of Optimized ZIRLO for EDF reactors. 



One phase of the program was the Advanced Precursor Assembly (APA) lead test assemblies 
that began operation in 2003.  The APAs contain both ZIRLO and Optimized ZIRLO cladding 
and structures and have completed three 18-month cycles in an EDF 1300 MWe plant to burnup 
of about 50 GWD/t. Poolside inspections on the APAs after each cycle have been performed to 
obtain data especially on fuel rod oxide, fuel rod creep, fuel rod growth, fuel assembly growth.  
Fuel rods from the APAs have also been extracted to provide irradiated materials for other 
testing programs including hot cell exams, power ramp tests, and mechanical testing as discussed 
below.  The performance data from the APAs is combined and compared with data from other 
Westinghouse irradiation programs with Optimized ZIRLO.  Inspections of Optimized ZIRLO 
rods from the various plants have shown that the peak oxide at higher burnups is reduced by 30% 
or more compared to ZIRLO.  The dimensional behavior (creep, growth) of Optimized ZIRLO is 
similar to that for ZIRLO.  The APAs will soon begin their fourth cycle of operation and will 
reach burnup levels close to 70 GWD/t when discharged in 2010.  

The qualification program has included testing to obtain data on unirradiated and irradiated 
materials properties, pellet-cladding interaction (PCI) behavior, and behavior under LOCA 
conditions.  Hot cell examinations have been performed on Optimized ZIRLO rods extracted 
from the APAs after one and two cycles, and it is planned to perform hot cell exams on rods after 
three and four cycles of operation.  The hot cell measurements include rod diameter and length, 
cladding oxide and hydrogen, and pellet stack position.  These exams confirm the on-site 
measurements that the dimensional characteristics such as creep and growth are essentially the 
same for Optimized ZIRLO and ZIRLO.  To determine PCI performance, power ramp tests have 
been performed on Optimized ZIRLO using rods extracted from the APAs.  The ramp tests were 
on rods with burnup of about 30 GWD/t, which is the critical burnup range for evaluating PCI 
margin.  The ramp testing parameters such as initial power, rate of power increase, and terminal 
power followed the standard EDF protocol for such tests.  The ramp test results confirmed that 
the Optimized ZIRLO PCI performance is at least as good as ZIRLO.  To characterize the 
Optimized ZIRLO behavior under LOCA conditions, quench tests and high temperature 
oxidation tests were performed.  Measurements were performed on phase transition temperature 
and other basic materials properties for use in LOCA modeling.  The results of the LOCA testing 
have shown that the LOCA behavior of Optimized ZIRLO is basically the same as ZIRLO.  
Various other testing programs have been performed to obtain data such as mechanical 
properties for fuel design and modeling. 

This qualification program provides EDF and EFG with relevant experience feedback in order to 
support the ongoing licensing process of Optimized ZIRLO in France. 
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Abstract—The United States Department of Energy (DOE) Fissile Materials Disposition 
Program (FMDP) is pursuing disposal of surplus weapons-usable plutonium by reactor 
irradiation as the fissile constituent of mixed oxide (MOX) fuel. A large body of MOX fuel 
irradiation experience exists through the genesis of research, development, and deployment 
programs primarily in Europe over the last four decades. Most of this experience has been 
gained with reactor-grade plutonium, derived from spent low-enriched-uranium fuel. 
Weapons-derived MOX fuel differs from the commercial-grade MOX fuel utilized in Europe 
in that its initial fissile inventory comprises a higher proportion of 239Pu, with smaller 
contingents of the higher plutonium isotopes, and because the plutonium may be accompanied 
by small amounts of gallium as an impurity.  

From 1998 to 2004, a test irradiation of MOX fuel prepared with weapons-derived (WG) 
plutonium was conducted by the Oak Ridge National Laboratory (ORNL) for the DOE. 
Irradiation of the WG-MOX fuel was conducted at the Idaho National Laboratory (INL) in the 
Advanced Test Reactor (ATR). These test irradiations supported the insertion of WG-MOX 
lead test assemblies (LTAs) in a U.S. commercial nuclear power plant (NPP). Four LTAs 
were fabricated in France with U.S. supplied weapons grade plutonium powder (PuO2) in late 
2004 and early 2005. These LTAs were inserted in Duke Energy’s Catawba-1 NPP in May of 
2005. After two cycles of irradiation, five MOX fuel rods were removed from the LTAs and 
shipped to the ORNL’s Irradiated Fuels Examination Laboratory (IFEL) for full-scope non-
destructive and destructive post irradiation examinations (PIE)—starting in the Spring of 
2009.  

This paper describes the significant observations from the PIEs of the test irradiation 
capsules in the ATR and the PIE results of the LTA fuel rods conducted to-date. 

 

                                                 
1The submitted manuscript has been authored by a contractor of the U.S. Government under contract 

No. DE-AC05-00OR22725. Accordingly, the U.S. Government retains a nonexclusive, royalty-free 
license to publish or reproduce the published form of this contribution, or allow others to do so, for 
U.S. Government purposes. 

2Research sponsored by Office of Fissile Materials Disposition, U.S. Department of Energy, National 
Nuclear Security Agency, under Contract DE-AC05-00OR22725 with UT-Battelle, LLC. 
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Preliminary Results of the IAEA Review on Fuel
Failures In Water Cooled Reactors

D. Dangouleme (EDF-France), V. Inozemtsev (IAEA), Kamimura (JNES-Japan), J. Killeen (IAEA), A. Kucuk (EPRI-
USA), V. Novikov (VNIINM-Russia), V. Onufriev (Consultant-Austria), M. Tayal (AECL-Canada)

This paper provides preliminary results of the study on Fuel Failures in Water Cooled Reactors during the period 1994-
2006, carried out by an Expert Group established by the IAEA. The reactors covered by this study are pressurized light
water reactors (PWRs and WWERs), boiling water reactors (BWRs) and heavy water reactors (CANDUs/PHWRs).
Data collected cover 94% of all units operated in 1994-2006. The fuel cladding is a key barrie r in containing fission
products and it is essential that this barrier is robust and stays intact. Fuel failures represent degradation of this barrier.
They contribute to increasing plant background radiation which impacts plan outage and increases workers exposure.
They also contribute to the release of radioactive fission products to the environment. So, fuel performance should be
sufficient to limit radiological wastes releases in environment, and to be able to cope with ALARA issues. Last, the
presence of fuel failure in reactor does not give confidence in the nuclear power industry and can also influence public
acceptance of nuclear power generation. For all these reasons, the common nuclear utility goal is today to operate with
a core free of defect. The current paper gives statistical data on fuel failures and proposes a new methodology of
failure rate calculation on the basis of discharged fuel that brings about a more realistic assessment of fuel reliability
comparing to calculations on the basis of full fuel inventories. Despite the continuous upgrades of fuel materials,
designs and quality assurance procedures that were implemented within the last decade, and which were assumed to
lead to general improvement of fuel reliability, there are oscillations of failure rates in most of the countries (the only
exception is Japan with a stable and very low level of failures). The statistics of fuel failures seem to reveal a balance
between incentives to operate fuel in more challenging conditions, what up-rate power outputs but increase failure
probability on the one hand, and aspiration to have fully reliable fuels with “zero failure rates” on the other hand. This
balance varies from country to country being dependant both on achieved levels of technological maturity and on local
levels of economically and publicly acceptable risks. The fuel rod failure rates in LWRs have been significantly (but
not monotonically) reduced since 1987, on average to levels between 10-5 and 10-4. In CANDUs, the element failure
rates had been near 10–5 and have remained low at this level over the reporting period. However, the fuel failure rate
has not markedly decreased during the last decade, where a relatively large number of failures have still occurred in
few plants. Moreover, signs of new failures increase were observed in the early 2000’s. Concerning fuel failure
mechanisms, it is interesting to see that a majority of the mechanisms of earlier fuel failures are still active, mostly in
combination with new contributing factors like higher burn-ups and power ramps. According to the classification
mechanisms commonly used in the literature, ten mechanisms for fuel rod failures have been identified and described
in detail. No new mechanism of failure in reactor has been observed during the reporting period of this review . Grid to
rod fretting has become the major mechanism of fuel failure for PWRs in the reporting period. The main root causes of
these failures have been identified as insufficient fuel rod support in the assembly due to improper design and/or
fabrication, fuel rod vibration due to fluid elastic instability by cross-flow in the assembly, and flow induced assembly
and rod vibration. Debris fretting continues to be a common mechanism of fuel failure in all types of power reactors.
In PWRs, corrosion is uniform on the cladding surface, and excessive uniform corrosion leading to clad failure is very
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rare under normal operating conditions. Such failures were due either to abnormally high heat flux exceeding heat
flux/burnup corrosion limits or to water chemistry problems leading to excessive crud deposits. In BWRs crud induced
localized corrosion (CILC) has progressively decreased with use of heat treated cladding more resistant to nodular
corrosion, but more recently, crud induced corrosion involving high nodular corrosion resistant cladding was observed
on several BWRs. In these cases, the corrosion mechanism seems to be connected to unusual aggressive water
chemistry conditions . PCI fuel failures have been reduced remarkably as a result operating guidelines and changes in
fuel design. Despite the continuous upgrades to manufacturing quality assurance procedures implemented within the
last decade, some manufacturing defects (in addition to primary internal hydriding, which historically is treated
separately) have still been identified. The major types of defects observed are end plug defects, and several types of
end plug weld deficiencies. Some PCI failures were also recently observed on some reactors due to pellet chips in the
fuel-clad gap or the presence of missing pellet surface, associated with significant changes in the local fuel rod power
level. This study has also considered fuel assembly-related issues that have appeared, including fuel assembly bow and
its implica tions for incomplete control rod insertion (IRI), axial offset anomaly (AOA), and overall crud deposition on
fuel. Handling damage on PWR fuel is also often related to assembly bow with the consequence of spacer damage
during loading or off-loading. Equally, a variety of incidents with fretting wear have been reported. Experience with
these otherfuel issues shows that they can affect seriously plant operations, and it is clear that concerns are of similar
importance today as fuel rod failures. Unfortunately, this latter category is still not quantitatively covered in the
literature to apply statistical calculations. 
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Maintaining and Improving Fuel Reliability
M. Y. Young, B. Helmersson, G. Wikmark, P. R. Hahn (Westinghouse)

Maintaining and Improving Fuel Reliability The INPO goal to achieve zero fuel failures by the year 2010 in all US
reactors is a very challenging one, since it involves the elimination not only of known design weaknesses in the fuel,
but also the systematic elimination of random defects or unplanned changes in systems that interact with the fuel,
starting from manufacture through plant operation. Westinghouse has organized its fuel reliability efforts around four
basic focus areas: 1. Design and Materials. Fuel assembly designs, their materials of construction, and the environment
in which they operate are systematically evaluated to identify “Critical Fuel Reliability Attributes”, or CFRA’s.
Critical Fuel Reliability Attributes are a subset of design attributes that include dimensions or characteristics that are
important from a fuel reliability perspective. Critical fuel reliability attributes are those characteristics which are
directly tied to the physical mechanism that can result in leaking fuel in reactor when they are not held within
appropriate engineering specifications and requirements. These attributes are assessed using a combination of testing
and advanced models to determine if design weaknesses against major failure mechanisms exist, then changes to these
attributes are carefully implemented. 2. Manufacturing Processes. The manufacturing processes that may affect
CFRA’s are analyzed using structured methods and steps taken to eliminate any random or systematic defect that may
increase risk of failure. 3. Fuel Cycle Risk Management. For each reload cycle, the plant and/or core management
changes that may affect fuel performance are evaluated and the risks of any identified changes assessed. 4. Operations
feedback. For each new design and material, a comprehensive inspection program is implemented to confirm that key
CFRA’s are maintained functional. 5. Failure Impact Mitigation. A fifth focus area, which hopefully will not be
required if the above focus areas are implemented properly, is called Failure Impact Mitigation. If a fuel rod does fail,
what are the mitigating actions that can be taken to minimize coolant activity and potential doses at shutdown. This
paper will describe the Westinghouse approach to these focus areas in detail. A discussion of the key failure
mechanisms that are being targeted by INPO will first be made, and the relationship between these mechanisms and
the CFRA’s for key components will be discussed. Statistics and data will be presented to describe the current state for
Westinghouse fuel. Then, the design features that specifically target fuel reliability will be described for PWR and
BWR, supported by test and analysis results. The methods used to analyze manufacturing processes to determine
weaknesses and the data obtained from these methods will be summarized. Some key improved manufacturing
processes that specifically target fuel reliability are described. Fuel Cycle Risk management processes employed
during the design of each reload cycle are described. A broad range of parameters, from core loading and control
strategy to coolant chemistry are evaluated for changes. Operations feedback data and the environment under which
the fual assembly operates is discussed and data are presented. Data are presented to confirm acceptable performance
of the fuel assembly. Finally, mitigation methods are discussed. Methods to assess the origin and cause of a failure
early is achieved via coolant activity analysis. Steps recommended to lessen the consequences of failed fuel are also
discussed. 
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Results of Post-Irradiation Examinations for BWR
Failure Rods

Wan-June Chiu, Shih-Chung Cheng, Yaw-Hwa Shiu, Che-Chung Tseng (Institute of Nuclear Energy Research)

Two failed ATRIUM-9B fuel assemblies, KAG115 and KBH069, were identified during the mid-cycle outage of the
16th fuel cycle of a BWR-6 power plant in January 2004. Both of them are once-burnt fuel with the assembly average
burnup around 29 GWD/MTU. Coincidently, each assembly had one failed rod in the F2 location in a 9 by 9 array
lattice. Both failed assemblies were removed from the core and replaced with other assemblies prior to continuation of
the cycle. Primary failure site was not found through poolside visual and eddy-current examinations. The failure root
causes cannot be positively determined. Moreover, another two A-9 rods failed in consequence of missing pellet
surface (MPS) as well as hydriding in the 14th cycle of the same BWR plant. Therefore, both failed rods were sent to
the hot laboratory of INER for the post-irradiation examinations.

The cycle 16 of the BWR was a mixed core with ATRIUM-9B and fresh ATRIUM-10 fuel assemblies. It was 18-
month fuel cycle and the normal water chemistry (NWC). Core locations of these assemblies were 27-48 and 45-32 in
Cycle 16 respectively. The rod from assembly KAG115 exhibited a number of features indicative of secondary hydride
damage: long axial split (470 mm long), hydride blister with cracks, and hydriding near the lower end cap. The lower
end cap was parted in poolside manipulation. The rod from assembly KBH069 had separated at a circumferential crack
near the elevation of 645 mm.

The non-destructive examinations, included eddy-current testing, visual inspection with hot-cell periscope and micro-
visual camera system, profilometry of the fuel rod and gross gamma scanning, were performed in INER¡¦s hot
laboratory.

Results from the non-destructive examinations, a 1cm short axial crack in KAG115 and a 0.5cm short circumferential
crack in KBH069 were identified as suspect defects. The fuel performance analysis also showed that both cracks were
located at the high stress region. Afterward, the destructive examinations of optical metallographic and hydrogen
content analyzing were conducted to accomplish the examinations.

The destructive examination results revealed some interesting characteristics that are common to both two failure rods:

1) The presence of missing pellet surface under each of the short cracks,

2) The absence of pellet-to-clad gap,

3) The larger open deformation in clad inner surface,

4) The circumferential hydride contained in the clad,
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5) The low hydrogen uptake.

Based on the above characteristics and fuel performance analysis results, the primary failure mechanism of these two
ATRIUM-9B failures is the stress corrosion cracking from pellet-clad interaction (PCI) exacerbated by the missing
pellet surface.
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Recent US Fuel Reliability Experience 
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The attention on nuclear fuel reliability in commercial light water reactors has never been higher than what has been 
witnessed over the past several years.  In the US, the Institute of Nuclear Power Operations (INPO) set a goal for zero 
fuel defects in all operating plants by 2010.  The industry responded by drafting a “Fuel Integrity Initiative” that 
placed a significant emphasis on the development of fuel reliability guidelines.   “Zero by 10” became the unifying 
industry catchphrase.  EPRI and INPO, with assistance from Nuclear Energy Institute (NEI), teamed with utilities and 
fuel vendors from the US and other countries to develop guidelines that addressed each of the known failure 
mechanisms, PWR corrosion and crud, BWR corrosion and crud, grid-to-rod fretting (GTRF) and pellet-cladding 
interaction (PCI).  A fifth guideline was published on fuel surveillance and inspection practices.  All five guidelines 
were published in 2008 and fully implemented by utilities by mid-2009.  During this time, the industry guideline for 
foreign material exclusion (FME) was also updated to include additional practices of direct benefit for fuel reliability. 

In order to share fuel reliability information across the industry and track industry progress, a new fuel reliability 
database (FRED) was launched in 2004.  FRED contains information on the fuel types in core, the reliability of that 
fuel during operation, and other fuel-related issues that impact operation (e.g., axial offset anomaly (AOA), control rod 
issues, and fuel assembly distortion).  All US utilities, and most international members of EPRI’s Fuel Reliability 
Program, contribute their fuel information to the database and FRED now has a complete set of detailed information 
going back to 2000 with more basic information back to the 1980s. 

The US fuel reliability trends from FRED underline the challenge of Zero by 10.  In particular, the number of fuel 
failures in the past 5 years is a factor of 3 to 5 times lower than experienced in the 1980s and about 50% lower than it 
was in the 1990s, but fuel reliability really leveled off earlier in this decade and even retreated in some years.  More 
recently, however, US fuel reliability trends have started to improve again.  At the end of 2008, 88% of all plants were 
operating without failure, which appears to be a significant improvement compared with 60 to 70% of plants operating 
without failure only 5 years earlier.  

The primary failure mechanism for PWRs has been GTRF, accounting for more than 70% of failures.  Another 20% 
were either not inspected or the root cause investigation was inconclusive.  The rest of the PWR failures were 
attributed to debris fretting, fabrication, corrosion and crud, and PCI.  For BWRs, four corrosion events resulted in a 
relatively large number of failures and drove the overall statistics, but the industry has taken steps to insure these types 
of failures do not recur.  Characterizing the remainder of the failures, debris fretting was the most common with 37%, 
followed by PCI with 23%.    

The information in FRED also allows utilities to identify which combinations of plant type and fuel design are 
providing the best fuel reliability.  For example, more than 90% of the GTRF failures in the US were occurring in the 
CE and B&W NSSS plant designs using fuel designs that were not optimized for GTRF.  All of these utilities are now 
aggressively moving to the improved designs and all but four plants will have completely transitioned to more resistant 
designs by the end of 2010.  In another example, information from FRED can be used to assess the effectiveness of 
fuel assembly debris filters.  To date, debris filters have not been fully effective, but the latest designs are expected to 
bring further improvement.  A number of interesting comparisons of operational experience can also be constructed, 
including experience with pH, zinc injection and AOA in PWRs, and hydrogen water chemistry, noble metals and zinc 
in BWRs. 

The last five years have also seen an increase in fuel assembly issues, namely channel distortion for BWRs and fuel 
assembly growth and bow in some PWRs.  The reports from FRED suggest that channel distortion issues have 
declined significantly over the past several years, but this remains a key issue.  For PWRs, there appears to be a sharp 
increase in the number of utilities reporting fuel assembly issues. 

Zero by 10 is likely the most significant challenge the industry has faced in the area of fuel reliability.  Some 
improvement, in terms of the number of units in the US currently operating with zero leakers, is already evident and 
plans are in place to continue to improve fuel reliability.  The recently issued fuel reliability guidelines are a key part 
of that effort, but not the only part.  Reaching the goal will require the best of the best from all industry stakeholders.  
The information available today, along with the plans being put into place, suggest the industry will make substantial 
progress in fuel reliability. 
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INTRODUCTION 
 
Global Nuclear Fuel (GNF) has designed, fabricated, and placed into operation more than 
9 million fuel rods in approximately 135 thousand assemblies.  Customer satisfaction has 
always compelled GNF to reduce fuel rod failures (defined here as fuel rods that breach 
or leak in service),  However, increasing success with and subsequent expectations for 
economic performance of nuclear reactor plants have raised broader Industry emphasis 
on fuel reliability [1].  In 2005, GNF established its Defense-in-Depth (DID) Program for 
the purpose of focusing attention on the many aspects of fuel design, fabrication, 
performance, and utilization that affect fuel reliability as well as on the key methods that 
govern the utilization of GNF fuel.  The Program is structured to address each of the 
identified in-service, fuel failure mechanisms.  This paper provides a summary of GNF 
fuel performance, following previous updates [2,3,4].  This paper will discuss recent 
GNF fuel reliability and channel performance, GNF2 introduction status, and methods. 
 
RECENT FUEL RELIABILITY EXPERIENCE 
 
[note to reviewers – these results will be updated at the meeting and in the full paper] 
 
GNF’s more recent fuel experience includes approximately 3.8 million GE11/13 (9x9) 
and GE12/14 (10x10) fuel rods, well over half of which are the GE12/14 design.  (Those 
figures also include roughly 25,000 recently-introduced GNF2 fuel rods.) 
 
Reliability, expressed as annual, observed fuel failure rates (i.e., number of rods failed 
each year divided by the number of opportunities, or fuel rods in service), has improved 
for each year since 2005.  The GNF fuel failure rate for years leading up to 2007 and 
2008 has been on the order of 5 to 7 ppm (excluding the corrosion events of 2001 – 2003 
[2]), and as of this writing (January 2009) the current in-service failure has decreased to 
around 1.5 ppm. 
 
Failures in GE14 fuel rod failures have been primarily due to debris-fretting (> 60%), 
with other failures being duty-related or yet undetermined.  The only failure observed in 
GNF2 to date was a single, early-life debris failure in a bundle not equipped with GNF’s 



current or previous generation debris filter.  There have been no corrosion or crud-related 
failures thus far with GE12/14 or GNF2. 
 
CHANNEL PERFORMANCE 
 
Recent work has shown that the most troublesome component of channel deformation 
can be attributed to hydride formation in channel faces experiencing shadow-corrosion-
induced hydrogen pickup [5].  GNF is approaching channel deformation, and channel 
bow in particular, with three primary means. First, a methodology was developed to 
identify control rod cells with higher probability of channel-control blade interference 
based on channel deformation.  The methodology is now applied to design of GNF cores, 
and since its implementation in 2005 observations of channel-control blade interference 
in all-GNF cores have been reduced to zero.  Second, on a limited basis GNF is now 
offering Zr-4 channels in lieu of Zr-2 channels for applications expected to be 
challenging.  Zr-4 is attractive in this regard because of its lower hydrogen pickup 
characteristics in BWR environments.  Third, GNF is conducting a Lead-Use Channel 
program to identify alternative channels materials with reduced deformation behavior 
relative to that of Zr-2 or Zr-4.  Results will be reported sometime after the program’s 
completion. 
 
GNF2 UPDATE 
 
Schardt recently provided a report on experience with the GNF2 fuel design [6], which 
will be updated here.  Although key fuel and cladding specifications remain the same, the 
GNF2 design brings a number of mechanical design changes from the GE12/14 designs, 
including different configuration of partial-length rods, use of a single-piece water rod, 
use of Inconel grid-spacers, and different lower tie plate design.  GNF2 lead use 
assemblies (LUAs) have been placed into 4 different reactor plants representing a 
considerable range of operating conditions.  The lead exposure of these assemblies is 
expected to approach 46 GWd/MTU by fall of 2009.  Poolside visual inspection and 
measurements of cladding deformation and oxide thickness confirm that performance of 
GNF2 at exposures near approximately 12, 23 and 35 GWd/MTU is as expected.  
Selected details from these inspections will be presented 
 
GNF METHODS UPDATE 
 
GNF Engineering has recently benchmarked the current lattice physics/core simulator as 
well as embarked on the creation of an enhanced thermal-mechanical model, lattice 
physic, core simulator [7] and transient analysis suite.  The revised lattice physics and 
core simulator LANCER02/AETNA02 provide enhancements over the existing models in 
the following areas: a three-group semi-analytic nodal solver, improved cross-section 
treatment at high void conditions, an improved thermal hydraulic model to calculate the 
flow in every channel of the core, and a natural circulation model for the ESBWR 
reactor.  Results from the most recent core-tracking comparisons will be presented in this 
paper.  Also presented in this paper will be a brief description of the revision to the 
transient core simulation TRACG06 with AETNA02 physics.  PRIME03, the new 



thermal mechanical model [8], contains enhanced models to address high burnup 
behavior such as high burnup (rim) structure at the pellet periphery, burnup dependency 
of fuel pellet thermal conductivity, Zircaloy creep, fuel pellet fission gas release, and fuel 
pellet relocation, etc.  Comparisons of PRIME fission gas calculation to recent 
measurements taken from a European reactor will be presented as part of this paper.  
GNF has also continued benchmarking existing methods to assure compliance with 
reload licensing assumptions; to illustrate, gamma scan data taken from a US reactor will 
be reviewed in this paper. 
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Manufacturing Improvements for Enhanced Fuel Reliability – Top Fuel 2009 Track 1 
 
In 2005 Westinghouse initiated a series of manufacturing improvements designed to 
reduce and ultimately eliminate manufacturing related issues as a source of fuel rod 
failures.  It was recognized that a subset of fuel failures could be attributed to discrete 
manufacturing events that occurred at a frequency that was low enough to escape 
detection by systematic quality sampling or that some manufacturing events could 
introduce defects that were not readily detected with the inspection systems and processes 
available at the time.   
 
Understanding the types of manufacturing defects which can occur and their 
corresponding impact on fuel reliability is helpful for designing the most beneficial and 
cost effective improvement strategies.  Fuel reliability problems stemming from 
manufacturing related issues are often difficult to diagnose definitively due to limitations 
associated with pool-side examinations.  Detailed hot cell examinations are often cost-
prohibitive and secondary degradation of leaking fuel rods can mask evidence of the 
primary failure when hot cell examinations are performed.  A probability based approach 
based on a failure mode effects analysis guided by the available information on fuel 
failures and the expertise of Westinghouse fuel manufacturing and design experts was 
used to help identify the most critical areas of improvement.  The results of this analysis 
indicated that the two most critical areas affected by manufacturing defects were pellet-
cladding interaction associated with fuel pellet defects and contamination of the fuel rod 
due to foreign material, particularly hydrogenous materials.  These two areas lend 
themselves to different approaches for improvement. 
 
The volume of fuel pellets processed and the standard visual inspection of each fuel pellet 
makes gathering statistically useful data on the probability and frequency of fuel pellet 
defects possible.  Improvements to fuel pellet handling to reduce the likelihood of pellet 
defects are desirable however it is recognized that the brittle UO2 ceramic will always be 
susceptible to defects, therefore enhancements focused on improving the effectiveness 
and reliability of the visual inspection.  A finite-element modeling approach was used to 
define acceptable flaw sizes based on operational data and hot cell examination results of 
failed and non-failed fuel.  From this model a quantitative understanding of the impact of 
various fuel pellet defect geometries was developed and the acceptable flaw size was re-
defined to half of its previous value.  More restrictive acceptance standards are not fully 
effective without a highly reliable inspection process.  Corresponding improvements 



were made to the inspection process itself by instituting a standardized work process and 
installing equipment which reliably presents the full surface of the pellets being inspected 
without the risk of introducing a pellet defect during handling.   
 
Follow up evaluations indicate that these improvements have demonstrably increased the 
effectiveness of the visual inspection process for fuel pellet defects.  The visual 
inspection process still relies on fallible human inspectors and given the large number of 
fuel pellets that are produced each day it was determined that the next level of 
improvement would require a technological solution.  To this end Westinghouse has also 
been developing an automated pellet visual inspection system (APVIS).  APVIS is 
designed to process fuel pellets at a rate that matches the throughput of the current 
inspection process while reducing the probability of falsely-accepting defecting fuel 
pellets by several orders of magnitude.  This improvement is made possible by the use of 
several cameras which feed a series of image analysis computers which operate in real 
time to evaluate the surface of each pellet.  Defect pellets are identified and removed 
automatically as material traverses through the system.  The inspection capability of 
APVIS is expected to effectively eliminate PCI failures associated with pellet defects.  
The first APVIS system is scheduled to be in production by mid-2009 at the Columbia 
site. 
 
Addressing the potential for contamination based defects which could result in a primary 
hydriding failure requires a more holistic approach.  There are no readily available 
inspection techniques for measuring contamination on all of the fuel rod components 
which pass through a fuel fabrication facility.  Hydrogen sampling is employed on a 
periodic and batch specific basis however these tests are destructive and performed on a 
sampling basis making this type of analysis unlikely to find a discrete contamination 
event.  Instead a foreign material exclusion (FME) approach was taken. 
 
The Westinghouse FME program includes systematic engineered improvements to the 
process equipment.  Thorough FME audits of the fuel manufacturing process were 
performed to identify the possible areas where hydrogenous materials could come into 
contact with vulnerable product.  Process equipment designs were assessed and modified 
to use non-hydrogenous lubricants wherever possible.  A system of shields and guards 
were put in place to protect fuel pellets up to the point where the pellets are transferred 
into the fuel rods.  And an on-line drying system was put in place to re-dry the fuel 
pellets as they are being transferred into the fuel rods. 
 
The cleaning procedures and processes for fuel tubes, end plugs and springs were 
reviewed to ensure that any hydrogenous materials would be satisfactorily removed.  The 
packaging materials for these sub-components were also reviewed to ensure that 
hydrogenous debris would not be generated during component shipments.  These 
systematic elements of the Westinghouse FME program help reduce the overall 
background level of hydrogen within the finished fuel rod as well as offering protection 
against discrete contamination events. 
 



The Westinghouse FME program also includes an administrative component centered 
around training all employees on the product risks associated with foreign materials.  
Maintenance activities which can result in the accidental transfer of hydrogenous 
materials are given special emphasis.  Training and sensitizing the workforce to the need 
for effective contamination controls is essential for eliminating discrete contamination 
events and driving the likelihood of a primary hydriding failure to zero. 
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Title: Performance-based Oversight of Nuclear Fuel Manufacturing 

The goal of nuclear fuel fabrication oversight is to help ensure that fuel assemblies are manufactured and delivered 
in accordance with procurement requirements, and with sufficient quality and integrity to preclude manufacturing 
related fuel failures during operation and storage.  The mission not only calls for compliance, but requires an 
emphasis on manufacturing processes and activities that are important to product performance and reliability. 
This concept is not new, as performance-based manufacturing oversight has been an industry initiative for more 
than twenty years. However, what has been lacking is an industry-embraced oversight program that identifies 
parameters and attributes which are considered critical to fuel performance and reliability. 
The purpose of this paper is to outline the method and approach to achieve such a program, and furthermore, to 
provide the framework for cost effective implementation via a graded and shared approach to oversight. 
While there are many approaches to manufacturing oversight, the effectiveness of any oversight program can be 
enhanced by: 

1) identifying what in the manufacturing process is important to fuel performance and reliability; 
2) understanding what can go wrong with those manufacturing processes or activities; 
3) developing an oversight program that focuses on those areas and ranks the identified parameters and 

attributes (e.g., critical, major, or minor importance); and 
4) implementing such a program using a graded and shared approach. 

The first step of identifying what in the manufacturing process is important to fuel performance requires intimate 
knowledge in the areas of fuel design, operation, performance, and manufacturing.  The second step includes a 
review by materials, manufacturing and quality control experts.  The third and fourth steps require input from many 
of the same individuals, including Quality Assurance (QA) staff.  Implementation in the fourth step is a combined 
technical and quality responsibility and should use a graded approach based on the ranking of parameters and 
attributes. 
Only recently have suppliers been working more intently with customers to help define a base program for nuclear 
fuel manufacturing oversight.  This in part has been due to the resource commitments from both utility and supplier, 
since the depth and breadth of knowledge required to perform a comprehensive review in these areas typically 
would require a multi-discipline team of experts.  However, the resource investment to develop and implement a 
performance-based program is clearly justified when one considers the cost of even a single rod failure.  A 
performance-based approach to manufacturing oversight minimizes the potential for and occurrences of 
manufacturing defects through meaningful, focused oversight, and therefore provides cost-justified as well as cost-
effective shop coverage.  Furthermore, if the program is embraced by utility customers and supported by suppliers 
as a base program, additional cost savings can be accomplished by crediting joint or shared surveillance by other 
utilities for at least part of the base program. 
The development of a performance-based program begins with consideration of known and/or potential failure 
mechanisms, and defining general performance-impacting areas or categories in manufacturing, such as hydrogen 
control, enrichment control, foreign material control, configuration control, pellet physical integrity/stability, fuel rod 
weld integrity, corrosion resistance, fuel rod support, and overall fit-up/interfaces.  This is followed by the 
construction of process flow maps for manufacture of the various components and subcomponents such that 
processes of critical importance and process step inputs and outputs can be identified.   The impact of each input 
parameter on the process/item output attribute may then be assessed for potential significance with respect to 
known, potential, and reasonably hypothesized failure mechanisms.   From this, items can be categorized and 
ranked.  Some generic examples are provided in the paper to illustrate the process.  Relevant discussions regarding 
process capability and evaluation of margin to design specifications are also provided.  Additionally, the role of the 
supplier in supporting industry-wide initiatives to ensure control of critical processes and attributes is discussed. 
A performance-based program for oversight, as described herein, would meet and go beyond the Institute of 
Nuclear Power Operations (INPO) Fuel Reliability Guidelines in the area of manufacturing oversight.  Those 
guidelines define “Critical Fuel Reliability Attributes” as attributes or characteristics which have a direct link to 
physical mechanisms that can lead to leaking fuel if not held within engineering specifications or requirements.  The 
INPO definition further requires that unique power plant conditions need to be considered when determining these 
attributes. 
Oversight of fuel manufacturing by Quality Assurance must also satisfy its key mission related to assurance of 
regulatory compliance.  Surveillance activities during a manufacturing campaign therefore need to assess 
implementation and compliance of safety related items, processes, and activities to the supplier’s safety related QA 
program.  To be effective, the auditor should first understand what items are safety-related, and what aspect of the 
item is essential to supporting its safety related function.   Additionally, key licensing analysis inputs and 
assumptions should be understood.  With this knowledge, any attributes or characteristics that are essential to 
preserving safety related function can be readily integrated into a performance-based oversight program. 
The method and approach outlined in this paper provides the framework for addressing these considerations and 
how such a program could be used to capture new and emerging issues. 
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EDF has 58 PWR reactors requiring an annual supply of approximately 2,300 fuel assemblies. 
The issues of safety and reliability are important concerning the fuel given the risk of generic 
manufacturing issues. 
 
Being a nuclear power operator, EDF is responsible for the safety of the fuel being used in their 
vessels. EDF is subject to a French law which requires in particular the surveillance of the 
manufacture of the components involved in safety. This law is in some way an opportunity. It 
permits the entities involved to have an influence on the quality of components supplied which is 
an important condition to exercise an operational responsibility. EDF has applied for 30 years 
surveillance of the manufacturing processes of suppliers of fuel assemblies and contracts have 
specific clauses in order to organize this surveillance. 
 
In order to focus the surveillance on important matters, critical characteristics of the fuel have 
been determined between EDF and the suppliers to ensure the safety requirements. Activities 
related to the manufacturing and having an influence on these characteristics are subject to the 
surveillance required by regulation authorities. 
 
In order to obtain fuel assemblies that fulfill the safety requirements, EDF considers that several 
aspects need to be treated correctly: 

• The clear and sufficient definition of the components that constitutes the assembly 
(technical file: drawings and specifications), a definition which takes into account as 
far as possible the critical characteristics. 

• The demonstration of the efficiency, in terms of results, of complex manufacturing or 
controls steps (equipment qualification) included in the global manufacturing process 
(efficiency which depends on parameters that need to be defined and determined). 

• The definition of manufacturing processes (manufacturing quality plan) and the 
demonstration of their efficiency (qualification of manufacturing processes) to 
produce components that meet safety requirements (efficiency which depends on 
parameters that need to be defined and determined). 

• The relevancy of the justifications of usability of non-conforming products, taking 
into account the fact that any manufacturing process can normally produce some from 
time to time.  

• The continuous improvement of the manufacturing processes which are in fact not 
always as robust as expected to segregate non-conforming products (abnormal 
manufacturing event). 

 
The first three aspects contribute to obtain in a complementary way components that meet all the 
safety requirements given the fact that those requirements sometimes cannot be guaranteed for 
economic reasons by means of direct controls but only indirectly by the fulfillment of specific 
parameters. EDF surveys consequently: 

• The definition of the requirements in the technical file. 
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• The initial qualifications of complex equipment, and subsequently during the 
manufacturing, the compliance with the parameters that guarantee the validity of the 
results of this equipment. 

• The initial qualification of the manufacturing processes, and subsequently during the 
manufacturing, the compliance within the parameters that need to be applied in order 
for the components to meet the safety requirements. 

 
The fourth aspect strongly involves EDF, given its responsibility as operator. The justification of 
usability when they have an impact on safety cannot be handled unilaterally by a supplier. 

• EDF surveys that the justification of usability of non-conform products are submitted 
for validation when the non-conformity has an impact on safety. 

• EDF verifies the relevancy of those justifications. 
 
The last aspect deals with the feedback needed for the continuous improvement of the robustness 
of the manufacturing processes. EDF asks its suppliers to declare the abnormal manufacturing 
events detected at the plants given the fact that non-conform products may have been supplied 
without knowing. According to this: 

• EDF discuss and validate the corrective actions proposed by suppliers to secure their 
manufacturing processes when abnormal events have an impact on critical 
characteristics of the fuel. 

• EDF surveys (sampling) the declaration of the abnormal manufacturing event by 
checking the non-conformities in the plants. 

• EDF controls (systematic) the implementation of the corrective actions in the 
manufacturing plants. 

 
One can observe that some surveillance activities consist in documentary work and some others 
consist in verification in the field. To take this into account, EDF did organize its surveillance as 
follows: 

• The field surveillance is conducted by a team of inspectors dedicated to fuel 
manufacturing. The inspectors are mobile in France and abroad. Their activity is to 
verify that the requirements are implemented in reality. 

• The documentary surveillance is conducted by a small team of engineers specializing 
in manufacturing technology, non-destructive tests and materials related to fuel. The 
engineering team also defines the surveillance plans and the guides applied in the 
plants by the inspectors. This team is needed because of the extent and the complexity 
of the technologies involved in the manufacturing of fuel. I would be difficult to rely 
on specialized inspectors to cover all activities. 

 
EDF’ surveillance organization has to be pragmatic and responsive because of industrial realities 
but also relevant in terms of analysis to fulfill its mission. The interactions are needed between 
the two type of job and can be a source of efficiency for the stakeholders. 
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This article presents the results from the gamma measurements performed on a selection of 
fuel rods from two SVEA-96 Optima fuel assemblies in Olkiluoto unit 2 (OL2) during 
February 2008. The measurements were funded by Teollisuuden Voima Oyj (TVO) and 
carried out by Westinghouse Electric Sweden AB (WSE).  The goal of the measurements was 
to obtain plant specific fission gas release data from OL2 which will later be used to support 
TVO's burnup increase.  

The measurements were performed by means of detecting and recording information on 
gamma rays emanating from radioactive fission products within the fuel rods, which is a well 
established experimental method for assessing irradiated nuclear fuel. A fuel assembly under 
operation in the reactor will be subject to fission gas release, meaning that gaseous fission 
products in the fuel matrix will leak out into the fuel rod free volumes, including the upper 
fuel rod plenum.  The magnitude of fission gas release is closely related to the operation 
conditions, such as burnup and the pellet power/temperature history.  Fission gas which is 
released into the plenum leads to an increased pressure within the fuel rod.  This fuel rod 
internal pressure has limits which cannot be exceeded. For example, the current Finnish 
regulatory guide stipulates that the maximum rod inner pressure shall not exceed the reactor 
system pressure. This is one of the most limiting aspects when considering a possible burnup 
increase in the Olkiluoto plant. 

Since the gas plenum is a volume free of fuel pellets, radioactive gases present here are 
therefore relatively easy to measure. A suitable gaseous radioactive fission product is 85Kr 
which has a gamma energy of 514 keV, and a half life of 10.8 years. Measuring the amount of 
85Kr can then be used to quantify the amount of fission gases release during operation. Other 
sources of gamma rays in the plenum with similar energies are the β+-emitting 58Co (formed 
through an (n,p)-reaction with 58Ni present in the plenum spring) and the 106Ru. The half lives 
of 58Co and 106Ru are 71 days and 372 days, respectively, with corresponding gamma ray 
energies of 511 keV and 512 keV, respectively. In total, three different gamma rays with 
similar energies must be resolved by the detector system. In order to perform the 
measurements, 58Co must have decayed to an extent that allows the 514 keV line to be 
resolved from the 511 keV positron annihilation gamma ray. The 106Ru is, on the other hand, 
usually not so dominant with respect to the activity in the gas plenum. However, the longer 
cooling time the better quality of the spectrum due to the decay of the isotoped producing 
interfering gamma ray energies.  



The two fuel assemblies chosen for the measurement campaign in OL2 had been irradiated 
above the currently allowed maximum assembly burnup of 45 MWd/kgU with a special 
license from the Finnish nuclear safety authority. These two assemblies had average burnups 
of 50.4 and 50.9 MWd/kgU, respectively and were irradiated for four and five cycles, 
respectively. The fuel assemblies were also subjected to other poolside measurements before 
the gamma scanning, including visual inspections, rod length measurements, and channel 
dimensional measurements. A total of 22 fuel rods from two fuel assemblies were selected for 
gamma measurements. These rods were chosen based on their calculated fission gas release, 
their location within the assembly, enrichment, Gadolinium content and rod diameter. In this 
way many different rod types were sampled in the measurement campaign.  The average 
burnup range for the measured rods was between 44 and 61 MWd/kgU.  

WSE has dedicated experimental equipment for the purpose of measuring the fission gas 
release, such as collimators and a detector system with software for data collecting and 
analysis. For these types of measurements, it is necessary to use a high resolution germanium 
detector due to the need to separate the three interfering peaks. At OL2, there is a location for 
a collimator built into the spent fuel pool wall that can be used, making it relatively simple to 
set up the detector system – as opposed to reactors without the built in collimator location 
which require that the detector be placed in a special submersible housing within the spent 
fuel pool.  The built in collimator arrangement present at OL2 also features the possibility to 
change the characteristics of the collimator, if needed, such as the aperture siz. 

For the measurements at OL2, a collimator of 20 by 20 millimeters was used to enhance the 
gamma ray intensity reaching the detector. Depending on the amount of fission gas present in 
the plenum volume of each rod, the needed measurement time can differ significantly from 
rod to rod.  Due to the often limited time for measurements, a trade off between counting 
statistic and number of fuel rods measured must be exercised. For these measurements, a 
statistical counting error of 1% or less was achieved for each rod. 

For the evaluation of the results, a specially designed computer code, LADAKH, was used. 
The LADAKH program was created in-house at Westinghouse for the sole purpose of 
determining fission gas release in gamma measured fuel rods. Specifically, LADAKH uses 
the raw spectrum data along with other inputs such as, for instance, the mechanical 
characteristics of the fuel rod and individual measurement times to finally determine the 
percentage of 85Kr released from the fuel matrix.  
 
The results showed that the experimentally determined fission gas release agreed well with 
those values calculated by a fuel performance code in all cases but one, this one case being 
affected most probably by a relatively large channel bow in that particular assembly. Some 
efforts were made to evaluate the effect of channel bow on the bundle power distribution and 
on the rod fission gas release by computer analyses. Another noteworthy point in the fuel 
performance analyses was that the fission gas release in the rods of a larger diameter were  
over-predicted by the code, and that this observation was more pronounced when going from 
four to five cycles of assembly irradiation. Additionally, an estimation based on the amount of 
fission gas release was done to predict the internal pressure of the fuel rod which, in principle, 
scales linearly with the fission gas release.  
 
In conclusion, all rods were successfully measured for fission gas release and the rod internal 
pressure was estimated for all rods based upon these measurements. Overall, a successful 
measurement campaign was conducted adding both valuable data, which will support TVO's 



burnup increase endeavours as well as additional data for Westinghouse’s large data base of 
measured fuel rods. 
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Abstract – As an integral neutron absorber material for PWR fuel in Korea, Gd2O3-UO2 burnable absorber rod is widely 

employed in the 17x17 fuel type of the Westinghouse plants and the 16x16 fuel type of the OPR1000 (Optimized Power 
Reactor 1000 MWel). The Gd2O3-UO2 burnable absorber is attractive because it may be mixed directly with natural or 
slightly enriched UO2 to achieve the characteristics of an integral burnable absorber. Several advantages can be drawn by 
using the Gd2O3-UO2 burnable absorbers. First, while traditionally used boron based neutron absorbers replace fuel rods and 
can have an adverse effect on fuel cycle economics, the Gd2O3-UO2 burnable absorbers do not replace the UO2 fuel rods and 
therefore the average LHR (Linear Heat Rate) is reduced. The reduction of the LHR can lead to the increase of thermal 
margin. Second, the use of Gd2O3-UO2 burnable absorbers can result in lower residual reactivity worth at the end of first 
irradiation cycle relative to the boron based absorbers. The lower residual worth can assure lower initial fuel enrichments and 
correspondingly lower fuel cycle costs. Finally, as the amount of the gadolinia (Gd2O3) depletes out, it can be considered as 
the normal fuel pin as the UO2 fuel rod.  
 

Although the Gd2O3-UO2 fuel rod is extensively used, the in-pile performance of the Gd2O3-UO2 fuel rod is not rather well 
investigated. One of the issues seems to be the Gd2O3-UO2 fuel rod growth. Until now, there are no reports that the Gd2O3-
UO2 fuel rod has grown against expectations, compared to the UO2 rod growth. During the poolside fuel examination, the 
length of fuel rod can be identified from the shoulder gap measurement, which is defined as the gap between the top nozzle 
flow plate of a fuel assembly and the upper end plug of a fuel rod. In order to maintain the mechanical integrity of the fuel 
rod and the assembly in terms of the irradiation growth, the positive shoulder gap should be maintained to allow the fuel rod 
growth for required residence time in core.  
 

In the first end-of-cycle fuel inspection campaigns for the RFA (Robust Fuel Assembly) fuel in the 17x17 type 
Westinghouse plants, the shoulder gap of the Gd2O3-UO2 fuel rods was smaller than that of the UO2 rods, indicating that the 
Gd2O3-UO2 fuel rods have grown more than the UO2 fuel rods during the first cycle irradiation. Based on the shoulder gap 
inspection, the difference between the length of the Gd2O3-UO2 fuel rod and the UO2 fuel rod is ranging approximately from 
5 mm to 6 mm after the first cycle irradiation. After the poolside examination of the second and third cycle irradiated fuel 
assemblies, the shoulder gap of the Gd2O3-UO2 fuel rods was still smaller than that of the UO2 rods. After the second 
irradiation, the Gd2O3-UO2 rod seems to be grown more than the UO2 rod by approximately 7 mm, and after the third cycle 
irradiation by approximately 8 mm. It seems that the difference between the length of the Gd2O3-UO2 rod and the UO2 rod 
was increased a little although the neutron fluence has been increased as the fuel irradiation cycle is accumulated.  
 

The possible mechanisms for the fuel rod growth such as stress-free rod growth due to fast neutron irradiation, the rod 
growth due to clad creep-down by the pressure difference between the rod internal gas pressure and the reactor coolant 
system pressure, and the rod growth due to pellet-clad mechanical interaction, have been evaluated.  

 
The stress-free rod growth is a growth taking place when the zirconium alloy clad has been exposed by the fast neutron 

irradiation. It depends on the fast neutron fluence and clad tube material. Since the same kind of zirconium alloy clad tube 
was used for the Gd2O3-UO2 rods and the UO2 rods in the RFA and also the difference in the neutron fluence between the 
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Gd2O3-UO2 rods and the UO2 rods is not significant, the role of the stress-free growth on the taller length of the Gd2O3-UO2 
rod compared to the UO2 rod is considered insignificant.  

 
At present, the reason for the greater length of the Gd2O3-UO2 rod is considered as the combined effect between the rod 

growth due to the clad creep-down and the rod growth due to the pellet-clad mechanical interaction. As the clad creep-down 
is decreasing and furthermore ceased when the clad becomes contacting with the pellet at a fuel burnup ranging about from 
20,000 to 30,000 MWD/MTU, it is expected that the difference between the Gd2O3-UO2 rod and the UO2 rod is not 
increasing beyond the pellet-clad contacting burnup.  

 
Some Gd2O3-UO2 rods and UO2 rods irradiated for three cycles in the 17x17 type Westinghouse plants were moved to a 

hot cell facility to examine the irradiation growth characteristics. In the hot cell examination, non-destructive and destructive 
tests are done for these rods to investigate the growth behavior of the Gd2O3-UO2 rods.  
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An integrated approach to diagnosis of fuel failures at WWERs has been developed during recent 
years. It includes the following three stages.  
 

The first is fuel failure analysis under operating conditions. It provides the on-line assessment of failure 
characteristics: burnup and number of failed fuel rods as well as defect size. Contamination of the core 
with tramp uranium is also evaluated. Analysis is performed with the pilot version of the expert system, 
which has been developed on the basis of the mechanistic code RTOP-CA [1]. The RTOP-CA code is 
capable to predict the primary coolant activity and degradation of failed fuel properties.  
 

The second stage of failure monitoring is so-called ‘sipping’ tests in the mast of the refueling machine. 
Equipment for these tests is optional. At present time it is available not for all WWER units. 
 

Preliminary on-line evaluations reduce the uncertainty in failure parameters and decrease the risk to 
‘miss’ a leaking fuel assembly in subsequent tests. The sipping technique identifies the failures in 
course of reactor refueling. However the defectiveness of the identified fuel assemblies as well as its 
severity have to be confirmed in additional leakage tests (performed in the specialized casks of the 
spent fuel pool). If the sipping equipment is not installed at an NPP unit then failure diagnosis during 
reactor operation is the only means to reduce time and optimize financial costs of the leakage tests. 
 

The leakage tests are the final stage of failure monitoring. A new technique with pressure cycling in the 
specialized casks was introduced to meet the requirements of higher reliability in 
detection/confirmation of the leakages (see Ref. [2]). Measurements of the activity release kinetics 
during the pressure cycling and handling of the acquired data with the RTOP-LT code enable to 
evaluate a defect size in leaking fuel assembly. These evaluations are taken into account to make a 
decision whether the leaking fuel may be reloaded for the next fuel campaign or not. After the 
campaign is over the reloaded leakers are tested again with the technique of the pressure cycling to 
estimate the degradation of the defect size. 
 

Some results of application of the integrated approach to fuel failure monitoring at several Russian 
NPPs with WWER units are reported in the present paper. Predictions of the current version of the 
expert system are compared with the results of the leakage tests and with the estimations of the defect 
size by the pressure cycling technique. Using the RTOP-CA code the level of activity is assessed for 
the following fuel campaign if the leaking fuel assembly was decided to be reloaded into the core. A 
project of the automated computer system on the basis of the RTOP-CA code for the ‘on-line’ fuel 
monitoring in the core during reactor operation is also presented. 
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 Fuel failures in BWR always lead to noble fission gas release, but can also result in the 
release of volatile fission products, i.e. iodine radioisotopes. Fissile material and long-lived, 
alpha-emitting transuranium nuclides may also be released and thereby contaminate both the 
fuel surfaces and the surfaces of the Reactor Pressure Vessel (RPV) internals. The activity 
release caused by tramp uranium is the most detrimental consequence of fuel failures and 
large releases of transuranium elements result in operational restrictions, unplanned 
shutdowns of the reactor, increased personnel radiation exposure during outages, and 
increased amounts of long-lived waste.  Fuel washout can also lead to a long waiting time 
before the reactor vessel lid and turbine housing can be opened, due to high iodine activity in 
the reactor vessel. Any decisions regarding actions to be taken in the event of a fuel failure 
should be based on the best available information regarding the expected development and 
consequences of that particular failure. Prompt, detailed and accurate fuel failure detection in 
addition to the evaluation of the failure, including its size and its severity is therefore very 
important for the operation of a BWR. Measurements of gamma emitting noble gases 
reaching the off-gas system are a standard procedure in BWRs since the maintenance of fuel 
rod integrity is essential. The commonly used method is grab samples of the off-gases, taken 
with a certain time intervals. As a consequence the failure can be kept undetected in the core 
for some time. It makes it also difficult to separate primary fuel failures from degradation of 
already existing fuel failures. Early detection and location of a failure increases the chances 
of reducing or delaying its degradation by adjusting the reactor operation in order to prevent 
the formation of secondary degradation and increases the lead time available to plan a 
possible failed fuel replacement outage, etc. A more effective surveillance of the fuel 
integrity can be performed by nuclide specific on-line measurements of gamma emitting 
noble gas activities in the off-gases, e.g. with a HPGe detector system installed before the 
delay system as described in ref.[1-5]. Such a system gives a fast response and allows 
therefore flux tiling with a minimized impact to the reactor operation, described in ref. [1-5]. 
 Detection of control rod failures is important, although the consequences of small 
cracks in control rod blades might not be as crucial as fuel rod failures for the operating of the 
BWR. However, to maintain a safe and reliable operation of the reactor, it is also important to 
know the integrity of the control rods in the core. During operation Helium is produced in 
control rods containing BC4 and control rod failures can therefore be detected by measuring 
the concentration of Helium on-line in the off-gases. Helium measurements give also 
additional information about the fuel integrity, since the fuel rods contain both He gas and 
noble gases, while control rods contain only Helium. By measuring both the concentration of 
radioactive noble gases, and Helium on-line in the off-gases, control rod failures can be 
separated from fuel failures, e.g. a significant enhancement of noble gases and Helium at the 
same time gives an indication that there is a fuel rod failure in the core, while an 
enhancement of only Helium indicates a control rod failure.  
 Kernkraftwerk Isar (KKI) in Germany and Kernkraftwerk Leibstadt (KKL) in 
Switzerland have successfully performed on-line nuclide specific noble gas measurements in 
the off-gas system since a number of years which have also been used during a flux tilting 
operation [6]. In parallel, tests of on-line measurements of Helium gas before the delay 



systems have also been performed at KKI and recently a He demo detector systems has been 
installed at KKL. Preliminary results from these measurements will be presented. 
 The measured He will be evaluated together with the measured noble gas activities and 
correlated to possible fuel or control rod failures in the core. Based on these results, the 
suitability of a combined system for on-line measurements of radioactive noble gases and He 
in the off-gases will be evaluated. 
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The most important requirement imposed on fuel elements 
is to maintain integrity of fuel rod claddings under 
operation, storage and transportation, since it is directly 
related to the operational safety. However, failed rod 
claddings are sometimes observed under reactor operation. 
Identification and unloading of fuel assemblies with leaky 
rods from VVER is available only at the time of planned 
preventive maintenance. An unscheduled reactor shutdown 
due to the excess of coolant activity limit as well as a pre-
term unloading of the fuel assembly cause economic 
damage to nuclear plant. Therefore, models and calculation 
codes were developed to forecast coolant contamination 
and failed fuel rod behavior. Criteria based on calculations 
were set to determine the admissible number of the failed 
rods in core and the opportunity to continue the reactor 
operation or pre-term unloading of the fuel assembly with 
the failed rods. Nevertheless, to prevent the fuel rod failure 
(for unfailing operation) it is necessary to reveal 
disadvantages of the design, fabrication method and fuel 
operation conditions, and to eliminate defects. The most 
complete and significant information about spent fuel 
assemblies may be received following the post irradiation 
material examinations. 
In order to reveal failure origins and mechanism of 
changes in VVER fuel and failed rod cladding condition 
depending  on the operation, the examinations of 12 
VVER-1000 fuel assemblies and 3 VVER-440 fuel 
assemblies, operated under normal conditions up to the 
fuel burnup 13…47 MWd/kgU were carried out. 
To evaluate the rod cladding condition, reveal defects and 
determine their parameters, the ultrasonic control of 
cladding integrity, surface visual inspection, eddy current 
defectoscopy, measurement of geometrical parameters 
were applied. In separate cases we used the metallography, 
measured the hydrogen percentage and carried out the 
mechanical tests of o-ring samples. The pellet condition 
was evaluated in accordance with the results of 
ceramography and density measurements. The possible 
fuel loss and Cs yield from the failed rod were evaluated 
according to the results of gamma scanning of fuel rod 
meats. 
As a result of the spent fuel assembly examinations it was 
established that in most cases the failures of the VVER fuel 
rods are related to their operation features. The main 

mechanisms of fuel rod failures are the fretting corrosion 
in the spacer grid and fretting corrosion by foreign objects 
that foul the coolant. Sizes of the cladding defects often 
reach some millimeters. Under the VVER typical 
conditions the secondary defects in the fuel rod claddings 
may arise in a time lesser than the fuel cycle duration. 
The failed fuel rods are characterized by increased 
diameter of cladding in the defect area induced by 
hydrogenation. For certain failed fuel rods the local and 
lengthy increases of cladding diameter («inverse 
deformation») induced by mechanical impact of fuel were 
detected. 
The fuel loss ~10% was registered in the area of large 
cladding defects as a result of pellet abrasion by solid 
objects (spacer grid, foreign object) and small particle fall-
out in consequence of high fragmentation of the fuel 
pellets. In the area of small cladding defects as well as 
outside the defect area, the fuel loss was not found out 
(within the limits of measurement error ~5%). 
In the failed rod sections operated at the linear power less 
than ~150 W/cm (conservative estimate) the fuel structure 
is similar to one of the intact fuel rods. As for the failed rod 
sections  operated  at  the  linear  power  more  than     
~150 W/cm, the central regions of the pellets had increased 
equiaxed and unequiaxed grains. In this case the volume of 
the recrystallized fuel sharply rises with increase of the 
fuel rod linear power. 
The Cs yield from the fuel pellets of the failed rods sharply 
rises due to the recristallization at the linear power more 
than 150 W/cm. More than 80% of Cs yield from the rod 
meat goes beyond the cladding. 
Thus, the reduction of fission yield from the failed rod into 
the coolant may be reached by the decrease of its power. To 
reduce the number of fuel rod leakages under operation it 
is necessary to: 
- mount special filters on the fuel assemblies preventing 
penetration of foreign particles in the rod bundle;  
- optimize the fuel assembly design, in order to reduce 
vibration of the fuel assembly components;  
- optimize the fabrication process and fuel rod quality 
control. 
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Abstract – KNF(Korea Nuclear Fuel) developed Advanced PWR Fuels for both CE-NSSS and 
WH-NSSS. These Advanced designs have various advanced design features specially fretting 

resistance features such as wide contact spring and dimple design,  it was many nuclear stations 
still suffered from significant fuel failure caused by the grid-to-rod fretting wear failures[1]. 

In this paper it will be proposed the fretting wear resistance nuclear fuel design with wide contact 
area as Fig 1. to reduced fretting wear failure even if same amount of flow vibration sources. And 
this paper will be presented various fretting wear test results for suggested wide contact area fuel 

design to contrast narrow contact area fuel design it was currently used in PWR in worldwide. 
Also this paper present test method and the test apparatus of grid to rod fretting wear as shown 

fig.2. And will be presented the analysis and test results of wide contact vs. narrow contact 
geometry wear depth against load as shown fig. 3. And will be presented the wear rate of wide vs. 

narrow design as shown Fig. 4. And in this paper will be present operating experience and 
performance of commercial PWR reactors, and will be present reliability records of Korean PWR 

Nuclear power plants and zero leak rates of Korean PWR nuclear power plants. 
 

 

 

 
 
 
 
 

  
 

Fig. 1 Grid design concept with Wide contact vs. Narrow contact 
 

 
 

Fig. 2 Grid-to-rod fretting wear tester 
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Fig. 3 Grid-to-rod fretting wear test results 
 
 
 
 
 
 
 

 
 
 
 

Fig. 4 Wear rate of  Wide vs. Narrow design 
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AREVA NP Fuel Services have many years of experience in visual examination and measurements on fuel assemblies and 
associated core components by using state of the art cameras and measuring technologies. 

The used techniques allow the surface and dimensional characterization of materials and shapes by visual examination. 
Based on these techniques measurements without contact to the measuring object, under water and with adequate accuracy 
are possible. 

New enhanced and sophisticated technologies for fuel services are such as: 

• Endoscopy at fuel assemblies 
• Photogrametry for measuring the deformation  of a fuel assembly or fuel channel 
• Shielded color cameras for use under water and close inspection of a fuel assembly 

 
 

I. ENDOSCOPY AT FUEL ASSEMBLIES 
 
Post irradiation programs requires, if manifestations 

are given, that spacer cells shall be inspected to check 
soundness of spacer springs. 

The inspection enforces the extraction of one or several 
fuel rods at reactor site in order to allow the accessibility 
of the spacer cells. 

AREVA NP Fuel Services developed a proportioned 
endoscope, which permits examination of fuel assembly 
spacers. The endoscope is designed to be inserted top 
down into a spacer cell. 

A “short endoscope” enables the inspection of the upper 
spacers; a longer one, which is under development, will 
enable the inspection of all the spacers of a fuel assembly. 

 

II. PHOTOGRAMETRY FOR MEASURING THE 
DEFORMATION OF A FUEL ASSEMBLY OR FUEL 

CHANNEL 
 
Manual picture analysis methods for measuring parts 

or the whole fuel assembly are used at AREVA NP Fuel 
Services for years. Now, research is done to get a computer 
assist photogrametry system for analyzing the pictures. 
The system consist of a waterproofed HD digital camera 
which is connected with a computer for remote control of 
the camera as well picture analyzing and a long handle tool 
to run the camera into the pool. On the computer an 
especial software for analyzing pictures by photogrametry 
is installed. The camera is placed in the pool in front of the 
free handled fuel assembly or fuel channel. 

First steps, with tests onsite, are done to measure the bow 
of a fuel assembly with the computer assist photogrametry 
system. Examinations to enhance the software according 
the parameters onsite are under work. Research is done to 
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advance the software to get on the requirements on site and 
to reach the targets. 

• Automated measurement and 
• Protocol generation on-site 

The research program will be enlarged to measure the bow 
of a fuel assembly on the used inspection equipments (e.g. 
Germany: MULTIINSPECTION, France: BIPCI) installed 
in the NPP. 

The advantages using a computer assist photogrametry 
system are: 

Get the results 

• in shorter time and online in the NPP 
• with at least comparable or better accuracy as 

technologies used up to now for deformation 
measurement 

 
III. SHIELDED COLOR CAMERAS FOR USE UNDER 

WATER AND CLOSE INSPECTION OF A FUEL 
ASSEMBLY 

 
Nowadays the market requirements for detecting and 

characterization of small defects (lower than the 10th of 
one mm) or cracks at an irradiated fuel rod cladding 
increased. Therefore it is performed to use cameras with 
higher resolution. The radiation resistance of high 
resolution CCD cameras is in general very low and it is not 
possible to use them unshielded close to a fuel assembly. 
Extending the camera with a mirror system and shielding 
around the sensitive parts the camera can be utilized for 
fuel assembly inspection. AREVA NP Fuel Services is now 
equipped with such kind of cameras. 

 
IV. CONCLUSIONS 

 
Using that visual examination and measurement 

technologies for fuel services the user get a higher quality 
of the taken pictures and video-films as well the possibility 
to measure fuel assemblies or fuel channels with result 
generation in short time on site.  
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ABSTRACT 

 
Poolside fuel inspections are carried out for the evaluation of fuel performance and confirmation of fuel integrity during 

the periodic inspection or the inspection against anomalous events such as incident. A demand on poolside fuel inspections is 
now increasing in Japanese BWR plants because of their small expense and short time compared with post irradiation 
examination in hot-laboratories. In case of confirmation of fuel integrity during the periodic inspection or the inspection 
against anomalous events, speedy data corrections are requested since inspection times are normally restricted. Because of the 
reason, it is requested to optimize the inspection devices to meet various purposes and inspection items. Nuclear Fuel 
Industries, Ltd. (NFI) has developed various poolside fuel inspection devices based on the knowledge of more than 30 years of 
BWR fuel design and the poolside inspection experiences and techniques. These poolside fuel inspection devices can be 
divided into 2 categories as follows: 

 
One is called “Scanning-type devices” that can measure continuously along with axial direction of the fuel assembly 

equipped with measuring head which can move in X, Y, Z direction. Inspector moves measuring head to the certain position of 
the fuel assembly by operation of control unit in the air (outside the pool). This control unit can visually map the position of 
measuring head using PC depends on customers needs. By exchanging a probe of measuring head, following 3 inspections can 
be performed; oxide thickness measurement, visual inspection with a fiberscope for inside of fuel assembly, and ultrasonic 
inspection in order to identify leaked-fuel rod. 

 
The other is called “Handy-type devices”. Since scanning-type devices are large-scaled ones, it is necessary to handle with 

a crane installed in the reactor building. In case such that “pin-point” measuring is requested, handy-type devices are more 
available compared with “Scanning-type”. Handy-type devices consist of a pole equipped with a measuring head at the pole 
head, Inspector operates the pole to set a measuring head at certain point of fuel assembly. Handy-type devices are light 
weighted and then operator can move the pole with a measuring head to certain position by manually or using simple 
positioning tool. This leads a good advantage that a poolside fuel inspection can be performed without restriction from another 
operation which uses a reactor building crane. By using handy-type devices, following 3 inspections and operations can be 
performed; crud removal and oxide thickness measurement, visual inspection with a fiberscope, and a width measurement of 
the spacers. 

 
Through the development and improvement of such poolside fuel inspection devices and its service in nuclear power plants, 
NFI has accumulated the experiences and techniques of poolside fuel inspection with supports of Japanese BWR utilities. NFI 
has been served 5 scanning-type devices and 4 handy-type devices for poolside inspection up to now and continuing the 
development and improvement of devices in order to satisfy customers inspection needs.  
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A large number of Steam Generator decontamination operations were carried out prior to 
feedwater header replacement work for three of the four VVER-440 type Units of Paks 
Nuclear Power Plant. The internal surface of the Steam Generator heat exchanger tubes had 
not been sufficiently passivated after the decontamination, which caused the release of excess 
corrosion products into the main coolant loop.  

The deposited corrosion products had reduced the flow cross section within the fuel rod 
bundles and, as a consequence, increased the hydraulic resistance of the fuel assemblies. 
Decision was made to remove the deposit from the fuel assemblies with the use of a chemical 
cleaning method. During these cleaning operations carried out in a separate tank at the 
reactor, 30 fuel assemblies have seriously damaged as a consequence of insufficient cooling 
due to a design error of the cleaning tank. 

To minimise the rate of deposit, a new, originally not used water regime was developed for 
the start-up/shut-down operation conditions, for which we have a two year long operational 
experience now. The water regime parameters used for normal operation conditions have also 
been revised and international experts were requested for expert opinion on the established 
modifications. The introduction of the modifications is in progress now.   
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A Dynamic Model for Fission Gas Release and Gaseous
Swelling Integrated into the FALCON Fuel Analysis

and Licensing Code
G. Khvostov (PSI-Switzerland)

A new model for fission gas release and gaseous swelling in the uranium dioxide fuel is presented in the paper, which
has been developed at PSI and coupled with the FALCON fuel behaviour code. The developed GRSW-A model
predicts the macroscopic characteristics of fuel state by means of the analysis of the mesoscopic and microscopic
processes occurring in the elements of fuel material of interest.

The most important processes addressed by the GRSW-A model are: (1) The intragranular processes, including the
kinetics of point defects in the lattice and gas mono-atoms diffusion, as well as nucleation, migration, coalescence,
trapping, irradiation-induced resolution and point-defect-diffusion-controlled growth of gas bubbles; (2) Formation
and growth of the gaseous pores on the grain boundaries along with grain boundary FGR, described with a
comprehensive mechanistic model. Besides, the models for the above-mentioned groups of the processes are closely
linked with a phenomenological model for intragranular fuel polygonization during low-temperature irradiation and the
model for the process of high-temperature recrystallization resulting in equi-axial grain growth. Also, a special model
is devoted to behaviour of the as-fabricated intragranular pores, which is related to the macroscopic effects of the low-
temperature irradiation-induced densification and high-temperature sintering. Finally, the calculated characteristics of
the micro-structural state of the fuel are used to predict the macro-characteristics of the fuel pellets, such as porosity,
swelling and fission gas release.

The FALCON code coupled with the developed model has been applied to the analysis of fission gas release and pellet
swelling in the high-burnup fuel rods during the base irradiation in the BWR KKL to a peak pellet burn-up reaching
70 MWd/kgU and, also, to the intensive power ramp in a high-burnup PWR fuel rod of the REGATE experiment (the
latter dataset was made available within the IAEA project FUMEX-II). The comparison of calculation with the
available experimental data has shown good prediction capability of the modified FALCON code and adequacy of the
proposed approach to modeling of fission gas release for the wide range of irradiation conditions. The calculated pellet
swelling during steady-state irradiation in a LWR is shown to be consistent with the experimental data for a pellet
burn-up extending up to 100 MWd/kgU. Besides, the significant effect of gaseous swelling on thermo-mechanical
behaviour of fuel rods is shown for anticipated power transients, which is confirmed by comparison of the
corresponding calculation results with the published experimental data. On the other hand, the reasonable results of the
modified FALCON code as applied to the BWR fuel behaviour during the Reactivity Initiated Accident have already
been published elsewhere. 
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Introduction and Objectives 
 Important aspects of fuel rod behavior, for example pellet-clad interaction (PCI), fuel 
fracture, and non-axisymmetric cooling and oxide formation, are inherently three-dimensional. 
Current fuel rod simulation codes typically approximate such behavior using a quasi 2D (or 1.5D) 
approach [1-3] and, often, separate codes must be used for steady and transient (or accident) 
conditions. Notable exceptions are the EPRI propriety code FALCON [4] which is 2D and can be 
applied to steady or transient operation, and TOUTATIS [5] which is 3D. Recent studies have 
indicated the need for multidimensional fuel rod simulation capability, particularly for accurate 
predictions of PCI [6]. 
 The Idaho National Laboratory (INL) is currently developing next-generation capability 
to model nuclear fuel performance. The goal is to develop a 2D/3D computer code (BISON) 
which solves the fully coupled thermomechanics equations, includes multiphysics constitutive 
behavior for both fuel and cladding materials, and is designed for efficient use on highly parallel 
computers [7]. To provide guidance and a prototyping environment for this effort, plus provide 
the INL with near-term fuel modeling capability, the commercially available ABAQUS [8] 
thermomechanics software has been enhanced to include the fuel behavior phenomena necessary 
to afford a practical fuel performance simulation capability. This paper details the enhancements 
which have been implemented in ABAQUS to date, and provides results of a multi-pellet fuel 
problem which demonstrates the new capability.  
 
Capability Development 
 ABAQUS provides a reasonable general framework for fuel performance modeling. The 
code employs modern finite element methods to solve the nonlinear thermomechanics equations 
in one, two, or three-dimensions, using linear or quadratic elements. The temperature and 
displacement fields are solved in a fully-coupled fashion, using sophisticated iteration and time 
integration error control. The code includes robust contact algorithms, essential for computing 
multidimensional pellet-pellet or pellet-clad interaction. Extensive constitutive models are 
available, including isotropic and anisotropic elasticity, thermal expansion, plasticity, and thermal 
creep. Due to its commercial nature and widespread use, ABAQUS includes powerful pre- and 
post-processing software, facilitating efficient problem setup and rapid interpretation of results. 
The code undergoes extensive and well-documented verification and validation procedures, 
reducing the risk of coding errors leading to invalid results. Essential for the intended application, 
ABAQUS includes a user interface permitting the inclusion of user-developed models (via 
FORTRAN subroutines) to simulate fuel-specific phenomena. This powerful interface makes it 
possible to define any constitutive model of arbitrary complexity.   
 An obvious downside of using commercial software for fuels modeling is that one must 
work without full access to the source code. Experience to date with ABAQUS has shown that 
this can be cumbersome at times, but has not prevented inclusion of the important models needed 
to describe fuel behavior. 
 Focusing initially on UO2 fuel, user subroutines have been developed and tested to 
describe temperature and burnup dependent thermal properties, solid and gaseous fission product 
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swelling, and fission gas release. Assuming Zircaloy as the clad material, models have been 
included for both thermal and irradiation creep. A subroutine has been developed to model the 
complex heat exchange across the fuel-clad gap. This model accounts for the temperature, 
pressure, and species-dependent gap gas thermal conductivity, the changing gap width, the 
roughness of both the fuel and clad, jump distances, contact pressure, and the cladding hardness. 
Gap heat transfer is tightly coupled to the fission gas model (via gas pressure and species) and the 
basic mechanics (gap width and contact pressure). Field variables are defined at each integration 
point to track fuel specific phenomena such as burnup, fission gas produced, and fission gas 
released. 
 
Demonstration Problem and Results 
 Fuels modeling capability is demonstrated using a 2D axisymmetric analysis of a rod 
section including two individual pellets, the associated cladding, the gas-filled gap, and an upper 
plenum region. The plenum and gap gas are modeled as a “hydro” cavity in ABAQUS with the 
cavity volume dictated by the evolving solid mechanics, the gas mass and species mixture 
(controlled by the fission gas release model), and the gas state (pressure) computed assuming 
ideal gas behavior. A simple convective heat transfer boundary is applied to the clad outer wall. 
Energy generation in the fuel is specified using a spatially uniform volumetric fission rate. The 
analysis includes three time periods: an initial rise to power from ambient conditions, steady 
operation to a burnup of approximately 47 MWd/kgU, and then a power ramp (50% increase over 
30 minutes) and 12 hr hold.  
 Results are presented at various stages of burnup during steady operation and then at the 
end of the power-ramp and hold. The 2D axisymmetric model permits an in-depth view of the 
evolving temperature and stress fields at the so called “triple point”, where the ends of two 
adjacent pellets contact the clad. Displacement and temperature results clearly demonstrate the 
importance of fully-coupled thermomechanics as the gap narrows and contact occurs. The clad 
axial stress in this region evolves from bending, during initial contact, to full tension, as the fuel 
and clad are mechanically coupled via friction and fuel swelling results in axial clad 
displacement. A plot of the clad radial displacement along the axial length shows initial uniform 
clad creep-down during steady operation, the effects of initial pellet-clad contact at the pellet ends 
(triple points), eventual full pellet/clad contact, and significant increased displacement during 
power ramping. The expected “bamboo” profile along the clad length is clearly demonstrated.  
 An important point is that ABAQUS implicit numerics and error-based time step control 
permits time step sizes ranging from less than 0.1 s, during power-up, to greater than 10 days, 
during steady operation. The code can easily accommodate combined steady and transient reactor 
operations. Note that ABAQUS is also capable of multi-processor computations, which become 
important for either full-rod discrete-pellet 2D simulations or 3D analysis.   
 
Conclusions 
 A powerful multidimensional fuels performance capability has been developed based on 
enhancements to a general-purpose commercially available thermomechanics code, ABAQUS. 
Results from a multiple pellet simulation demonstrate the importance of a multidimensional fully-
coupled thermomechanics treatment. Interestingly, many of the inherent deficiencies in existing 
codes (e.g., 1D thermomechanics, loose thermo-mechanical coupling, separate steady and 
transient analysis, cumbersome pre- and post-processing) are, in fact, ABAQUS strengths. 
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Introduction 
 
TRANSURANUS [1] is a computer code for the thermal and mechanical analysis of fuel rods in nuclear 

reactors. As part of the code, the TUBRNP model [2] calculates the local concentration of the actinides (U, Pu, 
Am, Cm), the main fission products (Xe, Kr, Cs and Nd) and 4He produced during the irradiation as a function of 
the radial position across a fuel pellet (radial profiles). These local quantities are required for the determination of 
the local power density, the local burn-up, and the source term of fission products and other inert gases. In 
previous works [3, 4] the neutronic code ALEPH [5] has been used to validate the models for the actinides and 
fission products concentrations in UO2 fuels. A similar approach has been adopted in the present work for 
verifying the Helium production. 
 

The present paper focuses on the modelling of the Helium production in PWR oxide fuels (MOX and UO2). 
A reliable prediction of the Helium production and release in LWR oxide fuels is of great interest in case of 
increasing burn-up, linear heat generation rates and Plutonium content. The contribution of the Helium released 
plays a fundamental role in the gap pressure and subsequently in the mechanical behaviour of the fuel rod, in 
particular during the storage of the high burn-up spent fuel.  

 
Model Description 

 
Helium is produced in oxide fuels by three main paths: (i) alpha decay of the actinides (the main contribution 

is due to 242Cm, 238Pu and 244Cm); (ii) (n,α) reactions (the main contribution is due to 16O(n,α)13C); and (iii) 
ternary fission. In the present work, the contributions due to ternary fission and the (n,α) reaction on 16O as well 
as some refinements in the 241Am burn-up chain have been included in TUBRNP.  
 

The Helium build-up is described by the following ordinary differential equation: 

4
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          (1) 

where N represents the atom concentrations (at/cm3), λ the decay constants (h-1), q''' the power density 
(MW/cm3), Efiss the average energy per fission (MWh), yTF the ternary fission yield, σα,O-16 the one group 
16O(n,α)13C effective cross section (cm2) and Φ the total neutron flux (n/cm2h). 

 



   

A correct evaluation of the 242Cm, 244Cm and 238Pu concentrations, of the ternary fission yield, of the one 
group effective 16O(n,α)13C cross section and of the neutron flux are compulsory requirements for a correct 
prediction of the Helium build-up. An independent check has confirmed that, for our purposes, the change of the 
oxygen concentration during the irradiation can be neglected. 

 
Concerning the ternary fission contribution, its yield has been evaluated to be 0.22% [6]. For the 16O(n,α)13C 

reaction, the corresponding one group cross section has been evaluated for different PWR fuel compositions by 
means of the MCNP Monte Carlo code: i.e., for UO2 with different enrichments (from 2% to 5%) and different 
MOX compositions (with Pu contents ranging from 3% to 8%). A trend as a function of 235U enrichment and of 
Pu content can be found, but a different fuel geometry can lead to a difference of the same order of magnitude due 
to a shift in the neutron spectrum. Hence, a constant value for all the UO2 enrichments and a constant value for all 
the MOX compositions have been implemented in TUBRNP. The main uncertainty factor has been found to be 
the cross section library. The more recent ENDF\B VII.0 library [7] adopts a 16O(n,α)13C cross section, which is 
about 30-40% lower than that of JEFF 3.1 [8] for every energy of the incident neutron, leading to a difference of 
the same order in the one group effective cross section. Because it is based on the most recent measurements, the 
average value of the results obtained with the ENDF\B VII.0 library has been implemented in the TUBRNP 
model.  

 
As concerns the refinement of the 241Am burn-up chain, the following branching ratios have been included: 
 

• The branching ratio for the 241Am(n,γ)242mAm reaction (20% [9]). Only the 242Am was previously 
considered as a result of this reaction.  

• The branching ratio for the 242Am decay due to electron capture (17.3% [10], leading to 242Pu). Only 
the β decay (leading to 242Cm) was previously taken into account in the decay of this isotope. 

 
If these branching ratios are neglected, an overestimation of 242Cm occurs. This leads to an overestimation of 

the produced Helium, as will be shown in the next section.  
 

Model verification 
 
The VESTA neutronic code [11] has been used for the validation of the He production model. The generic 

VESTA Monte Carlo depletion interface developed at IRSN allows us to couple different Monte Carlo codes with 
a depletion module. It currently allows for combining the ORIGEN 2.2 isotope depletion code [12] with any 
version of MCNP [13] or MCNPX [14] for reaction rate calculation. By means of a new efficient approach to 
Monte Carlo burn-up implemented into VESTA (the multi-group binning approach; [5]), the speed and accuracy 
of any burn-up and activation calculation has been drastically improved to an optimal level. 

 
One of the MOX configurations (with a Pu content of 5.6%) and the 3.5% enriched UO2 have been selected 

to be simulated by means of the VESTA code both considering the ENDF\B VII.0 and the JEFF 3.1 libraries.  
 
As a first step the neutron flux computed by VESTA has been compared with the model implemented in the 

TRANSURANUS code. This model approximates the fluence by considering the following concept: 
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where nfiss represents the number of fissions (fissions/cm3), Φ the total neutron flux (n/cm2s), Ni the 
concentration of the i-th nuclide (at/cm3) and σi

fiss the one group fission cross section of the i-th nuclide (cm2) and 
bu the burn-up (MWd/tHM). 

 
Considering the concentrations and the cross sections computed by VESTA, an overestimation in the 

TRANSURANUS formula can be noticed at the end of the irradiation history due to the fact that only the main 
fissile isotopes are considered, but at high burn-ups (especially for the MOX fuels), also the fissions of 242mAm 
and 245Cm play a non-negligible role thanks to their high fission cross sections. Including these isotopes the 
agreement is satisfactory.  

 
As a second step, in order to check the correctness of the implemented models, the fission and capture cross 

sections computed by VESTA have been fitted as a function of burn-up and implemented in the TRANSURANUS 
code. 

 
The results of the TRANSURANUS code have been compared with VESTA. When the previously discussed 

refinements in the 241Am burn-up chain are considered, the agreement of the predictions of all the considered 
isotopes is good, and the overestimation of the Helium production has been eliminated. 
 

Two conclusions can be drawn from the present analysis: 
 

• The ENDF\B VII.0 library as well as the ORIGEN fission yield database does not consider the 
ternary fission yield. Hence the results obtained by VESTA with the ENDF\B VII.0 library or with 
the ORIGEN fission yield database have to be corrected adding the ternary fission contribution.  

 
• The set of nuclides selected in TUBRNP are sufficient for a satisfactory description of the nuclide 

concentrations.  
 
As a final step, a sensitivity analysis has been performed by means of the Taguchi method ([15, 16]). In 

particular, the effect of 4 different parameters on the calculated production of Helium have been analyzed: (i) the 
model for the flux computation; (ii) the 16O(n,α)13C cross section; (iii) the ternary fission yield; and (iv) the 
capture and fission cross sections from different libraries. Due to the large influence of the specific cross section 
library, the set of cross section previously implemented in the TUBRNP model predicts the Helium production 
within the band of uncertainty of the VESTA results. 
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Introduction 

Being able to correctly predict the behaviour of the fuel rod under operative and accidental conditions is fundamental in 
order to maximize the efficiency of the fuel assuring the safety of nuclear reactors. As a consequence, it is important to 
provide the best assessment of the fuel rod performance by using computer codes [1] in order to improve the operating 
margins and economics. At the present time, a great effort is being spent in order to qualify the simulation tools [2] for the 
specific conditions of rapid power changes, such as transients occurring through accident situations. 

In this framework, the modelling of the gaseous fission products behaviour (swelling and release) is of special interest, 
even more in the light of the fuel burn-up extension. Actually, under power ramp conditions, there are two opposite effects 
[3,4]: on one hand the fission gas release (FGR) and the gaseous swelling increase as a consequence of the risen linear heat 
generation rate (higher fuel temperature, fuel cracking, that means new paths for the release of fission gases), on the other 
they tend to be inhibited by the high hydrostatic stress resulting from pellet-cladding interaction (PCI). Such complex and 
coupled phenomena are still two open issues, currently under investigation [5-10]. 

For the sake of addressing future research activities in such direction, and in the frame of the IAEA Coordinated 
Research Project FUMEX-III, a modelling effort is under way at the Politecnico di Milano to investigate some features of the 
fuel gaseous swelling and its impact on the FGR in power ramped LWR fuel rods (PCI conditions). To this purpose, the 
TRANSURANUS fuel performance code [11] is adopted; the present work focuses on some recent refinements of the fuel 
swelling formulation currently available in the code, showing the improvement in the FGR predictions with respect to the 
measured values available from the PWR Super-Ramp [12] and BWR Inter-Ramp [13] Irradiation Experiments.  

 
Irradiation databases 

Datasets of the Super-Ramp and Inter-Ramp Projects are included in the International Fuel Performance Experiments 
(IFPE) database [14] and consist of fuel rods (28 and 20, respectively) subjected to power ramps after base irradiation. 
Super-Ramp rods were irradiated in a burn-up range comprised between 28 and 45 MWd/kgU, while those of Inter-Ramp are 
characterized by two different values of burn-up (10 and 20 MWd/kgU). In addition to PWR and BWR standard type fuel 
rods, in these two Experiments several rods with different design parameters (i.e, gap width, fuel grain size and density, 
annular and solid pellets, 235U enrichment, gadolinium content, cladding type) were tested. 

FGR measurements, which the present work will focus on, were carried out for 29 rods of the Super-Ramp and Inter-
Ramp Experiments, namely those ones that supported the power ramp undamaged: among them, only 26 fuel rods have been 
considered in the analyses of the present work (in the Super-Ramp database the PW3-2 and PW3-3 rods have not been 
considered due to lack in consistency found in their power histories [15], while the PK4-S rod has been excluded because the 
measured FGR is stated as unreliable in the Studsvik Report [12]). 

Since the fission gas release of a fuel rod is an integral quantity, which depends on the entire irradiation history and on 
the several phenomena to which the fuel and cladding (as well as the gap between them) are subjected during the service life, 
an integral fuel performance code is required to properly describe the behaviour of such a complex and coupled system. To 
this purpose, the TRANSURANUS Code (version v1m1j06) [16] has been employed. It is a well-known and qualified tool 
for the thermal and mechanical analysis of fuel rods in nuclear reactors, developed at the Institute for Transuranium Elements 
(ITU), that is featured by a simple and clearly defined mechanical-mathematical structure (1.5 dimensional code) into which 



   

different models for the various phenomena are available, not only to describe different reactor types and/or different 
materials, but also for the single phenomenon modelling. 

Code calculations have been performed coherently with the power history and coolant conditions from beginning-of-life 
to the end of ramp test, using the manufacturing specifications and pre-irradiation characterization data of the analyzed rods 
[12,13]. 

 
Modelling 

As concerns modelling issues, with reference to the possible adoption in TRANSURANUS of different models to 
describe the most relevant phenomena occurring in the fuel rod, a suitable setup ("reference setting") for the test conditions 
of interest has been established, on the basis of a previous code assessment [2,17,18], by taking into account the different 
specificity of BWR and PWR type fuel rods. 

In the present work, particular attention is given to the TRANSURANUS treatment of the gaseous swelling under PCI 
conditions: the fuel swelling formulation currently available in the code (referred as standard formulation in the following) is 
based on the MATPRO model [16,19], and it does not consider the gaseous contribution when the gap is closed, while the 
tendency of other performance codes is to consider it in order to determine the severity of the pellet-cladding mechanical 
interaction [4,5]. 

During the last years, some preliminary efforts were spent at the Politecnico di Milano (POLIMI) to approach the 
modelling of such a phenomenon, considering in a tentative and simple way the gaseous swelling contribution: a practical 
approach aimed at catching an extreme situation, by neglecting several peculiarities of the physics of the involved 
phenomena, has been adopted [18] and is summarised here below. 

Our proposed approach (referred from now on as the POLIMI formulation) takes into account the gaseous swelling 
contribution even in the case of gap closure, and in such a way that: i) it continues to contribute to the fuel porosity (Pfuel) 
increase; and ii) the fuel pellets can swell only along the axial direction (anisotropic swelling). For every time step (Δt), if the 
contact pressure between fuel and cladding is greater than 0.1 MPa, according to this new approach, TRANSURANUS 
works in the following way: 

εr(t+ Δt) = εr(t) + (ΔVSolid + ΔVHBS)/3 
εθ(t+ Δt) = εθ(t) + (ΔVSolid + ΔVHBS)/3 
εz(t+ Δt) = εz(t) + (ΔVSolid + ΔVHBS)/3 + ΔVGas 
Pfuel (t+ Δt) = Pfuel (t) + ΔVGas 

where the fractional increase of the pellet volume is due to solid fission products (ΔVSolid), gaseous fission products (ΔVGas) 
and high burn-up structure formation (ΔVHBS), and εr, εθ and εz denote the radial, hoop and axial components of strain, 
respectively.  

The POLIMI formulation is expected (and actually this is confirmed by the present work outcomes) to give the net result 
of increasing the fuel temperature and consequently the FGR with respect to the standard formulation, because of fuel 
thermal conductivity degradation due to the gaseous porosity increment. It is evident that a sort of upper limit situation is 
here considered: first of all, because the stress field in the fuel pellet deriving from PCI can inhibit gaseous swelling 
deformation by hot pressing of the inter-granular porosity, and such effect also influences the FGR; secondly, because the 
gaseous contribution to the pellet strain is considered anisotropic. Anyway, a physical modelling of gaseous swelling as well 
as a more accurate treatment of the mechanical behaviour under contact conditions are out of the scope of the present work. 

 
Results 
The considered values of FGR (15 for Super-Ramp and 11 for Inter-Ramp), measured at the end of the irradiation, have been 
compared with the results obtained by means of the TRANSURANUS code. 

Starting from the "reference input setting", the influence of the two different swelling treatments (POLIMI vs. standard 
formulation) on the fission gas release predictions has been evaluated on the basis of the available FGR experimental data. 
This analysis has pointed out that a systematic under-estimation occurs when the standard formulation is used (such a 
conclusion was also drawn by analysing other power ramp tests [2,10]), while the agreement with the experimental data is 
significantly improved - both in terms of number of predictions lying in the acceptability band and in terms of accuracy - by 
including the POLIMI approach. 

The influence of other relevant phenomena, such as relocation and densification, which occur in the fuel pellets but also 
affect the gap size (and thus its thermal conductance and the FGR), has been also investigated and discussed with respect to 
the "reference input setting" analyses: in particular, the relocation (whose effect is more relevant at the beginning-of-life) 



   

becomes a key point for the BWR Inter-Ramp fuel rods, which experienced a low burn-up, while the densification plays a 
non-negligible role in the calculation of FGR for both the Super-Ramp and Inter-Ramp rods. To this purpose, in the 
simulations two different densification models available in the TRANSURANUS code have been adopted and the difference 
between them in terms of computed FGR has been also analysed. 

To conclude, on the basis of both the Super-Ramp and Inter-Ramp FGR databanks, the POLIMI formulation revealed to 
be useful from a practical point of view in order to overcome the systematic under-prediction of FGR during ramp tests, but a 
more physical approach for the treatment of the gaseous swelling as well as of the burst release [10] has to be considered in 
future, also benefiting by other irradiation experiments available in the IFPE database. 
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FRAPCON-3 is the steady state fuel performance code maintained by Pacific Northwest 
National Laboratory (PNNL) for the United States Nuclear Regulatory Commission 
(USNRC).  FRAPCON-3 predicts fuel rod performance in pressurized water reactors 
(PWRs) and boiling water reactors (BWRs) by modeling the material responses of both 
the fuel and the cladding under normal operating conditions and anticipated operational 
occurrences with a duration of several minutes or greater.  FRAPTRAN is the 
corresponding transient fuel performance code maintained by PNNL for the USNRC.  
FRAPTRAN predicts fuel rod performance in PWRs and BWRs by modeling the 
material responses of both the fuel and the cladding under fast transient and accident 
conditions.  Recent improvements have been made to these codes, and are now available 
to members of the code users group in the versions, FRAPCON-3.4 and FRAPTRAN 1.4 
 
In the area of cladding, a finite element analysis (FEA) model has been added to 
FRAPCON-3 that can model the cladding deformation and axial slippage against the fuel.  
A new cladding creep model has been added with options to model Zircaloy, in both 
stress relief annealed and recrystallized conditions, as well as ZIRLO™ and M5™.  Fuel 
rod axial irradiation growth models have been added for both of these new alloys.  
Finally, the corrosion and hydrogen pickup models for all cladding alloys have been 
updated to better fit the available data.   
 
In the area of fuel, FRAPCON-3 is better able to model the temperature UO2-Gd2O3 fuel 
with an improved radial power profile model.  FRAPCON-3 can also model fuel with an 
outer coating of ZrB2 (another burnable poison) and the model includes the increased 
helium production and release from this outer coating.  The modeling of UO2 fuel has 
been modified to better consider thermal expansion at high temperature (T>2500K).  The 
modeling of fuel with heavy water moderation has been improved with an update to the 
radial power profile model for heavy water reactors such as the Halden Reactor in 
Norway.   
 
In the area of the fuel/cladding gap, the gas conductivity models have been updated to 
better predict the conductivity of various gases at high temperature (T>1000K).  The 
fission gas release model has been modified to better predict gas release in power ramped 
rods with short hold time (t≤4 hours).  Also a new fission gas release model has been 
added as an option.  The new model more accurately predicts the distribution of gas 



within the grains and on the grain boundaries.  This model can be used to initialize the 
new transient gas release model in FRAPTRAN 
 
For consistency, the thermal conductivity model for mixed-oxide fuels and the improved 
UO2 fuel thermal expansion model in FRAPCON-3 were added to FRAPTRAN. The 
cladding FEA model in FRAPCON-3 is also included in FRAPTRAN.  Finally, the 
modified gas conductivity equations in FRAPCON-3 were added to FRAPTRAN.   
 
To improve the analysis of transients, the cladding ballooning model was modified in 
FRAPTRAN to give better predictions of cladding stress and strain at the time of failure.  
This change is applicable to loss of coolant accident (LOCA) calculations.  The low 
temperature cladding failure model that is applicable to reactivity initiated accident (RIA) 
calculations was modified in FRAPTRAN to increase the temperature range over which 
the model is applicable.  A new brittle cladding failure criterion was added and is 
applicable to heavily hydrided cladding with no ductility.  Finally, both transient gas 
release and swelling models have been added to FRAPTRAN.  They are initialized using 
the new fission gas release model in FRAPCON-3.   This model can predict the large gas 
release that can occur during a RIA. 
 
Analytical predictions of these two improved codes have been compared to experimental 
data over a wide range of conditions.   
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The outside-in type cracking of the high burn-up BWR 
fuel cladding tubes is of practical and scientific interest. It 
has been indicated that the radial incipient crack on the 
outer surface would grow towards the inner surface of the 
fuel cladding tubes by the delayed hydride cracking (DHC). 
An important characteristic of the cracking during the 
outside-in type failure is that the crack grows in the radial 
direction of the fuel cladding tube under the temperature 
gradient. An increase of the temperature gradient by the 
power ramp induces the thermal diffusion of hydrogen 
from the inner part to the outer part of the fuel cladding 
tubes. Therefore, the DHC occurs under the flow of 
hydrogen.  

To assess the fuel integrity during the power ramp, the 
threshold condition for crack growth and the time to 
penetrate the cladding wall thickness are required. In the 
DHC process, those important factors are characterized by 
the threshold stress intensity factor KIH and the velocity of 
crack growth VDHC. Several studies have been conducted 
on the DHC but there have been few efforts on the effect 
of thermal gradient and the flow of hydrogen. Therefore, 
we started the development of the experimental technique 
to simulate the outside-in type cracking of the fuel 
cladding tubes during the power ramp. In the previous 
studies, we have developed the technique to make the 
outer-surface radial incipient crack (ORIC) on the fuel 
cladding tubes and measured the KIH and VDHC for radial 
DHC in the isothermal condition. We have also reported 
the development of the experimental technique for the test 
under the radial temperature gradient.  

In the present study, we performed the radial DHC test 
under the radial temperature gradient to clarify the effect of 
the temperature gradient on the cracking in the outside-in 
type failure during the power ramp. 

Unirradiated cold-worked fuel cladding tubes were cut 
to 60 mm long and charged with hydrogen to 
approximately 200 ppm and 300 ppm. ORICs were formed 
by applying cyclic compressive load with the corrosive 
solution (I2/CH3OH). The depth of the radial incipient 

crack was between 0.05 mm and 0.15 mm. Then, the 
specimen was assembled in the “power ramp simulator”. 
The main components of the power ramp simulator are the 
internal heater and the coolant water system and the water 
pump. The middle of the specimen in the tube axial 
direction was heated by the internal heater that could 
generate the temperature difference up to approximately 65 
K between the inner and the outer surfaces of the fuel 
cladding tube. To compare the radial cracking under the 
temperature gradient with that in the isothermal condition, 
the ORICs were formed at the heat-generating (under 
temperature gradient) and the non-heat-generating 
(isothermal) parts of the specimen. During the radial DHC 
test, the linear heat flux was maintained at 40kW/m (~60 K 
temperature gradient between the inner and outer surface). 
The temperature of the outer surface and the hoop stress of 
the specimen were 523-561 K and 200-400 MPa, 
respectively. After the radial DHC test, the fracture surface 
was observed by SEM to measure the depths of ORIC and 
DHC crack. 

The results obtained from the present study can be 
summarized as follows. 

(1) The radial DHC was observed only where the 
radial temperature gradient existed (> 548K ). 

(2) The radial VDHC depended on the hydrogen 
concentration in the inner part of the fuel cladding. 

(3) The flow of the hydrogen from the inner part of 
the fuel cladding was an important factor for the 
radial cracking. 
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 Operators and fuel vendors have considered a range of means to improve plant 

performance and decrease costs. This trend has taken place in the last several years and is 

likely to persist in the long term. In the fuel field the effort is on hold up with orientations 

such as burn-up extension (standard fuels), new types of fuel, more efficient fuel management 

schemes, new cladding materials and new fuel assembly designs. 

 As a consequence of these changes, there is a stable need to re-examine the reactor 

safety studies, in order for instance to ensure that these progresses take place without penalty 

to safety. Within this framework, Fission Gas Release (FGR) and swelling caused by intra and 

intergranular bubbles must be well thought-out in the fuel licensing process, either in normal 

operation or as the radioactive “source term” in case of a nuclear incident and/or accident. 

 Under normal operating conditions, even though some questions are not completely 

solved up to now, it is admitted that the release by atom diffusion to grain boundaries and 

from there to the free volume of the rod by venting through tunnels is the most important 

mechanism which promotes FGR from high burn up UO2 fuels. In fact, mechanisms which 

are involved at low burn-ups (i.e. recoil, knock-out…) contribute to the total released fraction 

but at a very low level. Besides, contribution from the High Burn up Structure (HBS) of the 

pellet starts to be significant for burn-ups higher than 50 GWd/t, but diffusion remains the 

mechanism having potential to much larger release fractions. 

 At off-normal conditions, i.e. power transient, reactivity initiated accident (RIA) and 

loss-of-coolant accident (LOCA), predicting accurately the FGR from high burn up UO2 

fuels, remains a significant and important challenge. For this purpose, different R&D 

programs have been carried out in France, through joint actions between the Commissariat à 

l’Energie Atomique (CEA) and Electricité de France (EDF), including support from AREVA, 

where a specific emphasis has been put on mechanisms which promote the FGR. 

 In this framework crucial information have been obtained during the GASPARD 

program which focussed on experimental and theoretical FGR investigation under simulated 

LOCA type conditions. During this program, unstressed samples of standard PWR pellets 

with its cladding irradiated between four and six normal operating cycles in power reactor 

and, in some cases, re-irradiated in a material testing reactor have been examined by using an 

out-of-pile annealing test facility at temperature between 1000°C and 1200°C, with a wide 

range of temperature increase rates (from 0.2°C/s up to 20°C/s). The variation of the quantity 

of fission gas release (
85
Kr and 

133
Xe) over the time was measured continuously thanks to an 

on-line gamma spectrometer. For this kind of heating experiments, the following main 

conclusions have been drawn: (1) the release of fission gas from the fuel is mainly due to 

intergranular bubbles
1
, (2) it is driven principally by two mechanisms: (i) the bubbles 

interconnection (diffusion of atoms and vacancies at high temperature), and (ii) the fracture of 

grain boundaries which leads to the release of gases present in over-pressurized bubbles.  

 However, even though the mechanisms promoting FGR have well been established, 

the pellet areas involved in these mechanisms have not been highlighted. In others words, the 

contribution, in terms of gas release, to the total release of the different parts of the pellet, 

i.e.HBS, centre, …, needs to be assessed. One of the most useful ways to do that is to perform 

                                                 
1 The contribution to global FGR from intra-granular gases, checked by 133Xe release, ranged from 0.6% to 2% 

depending on the final temperature of the test. 



appropriated annealing experiments in order to measure both the absolute level and the time 

dependence of the released gases, together with accurate fuel micro-structural analysis 

performed before and after the thermal sequence by SEM (Scanning Electron Microscopy), 

EPMA (Electron Probe Micro Analysis), SIMS (Secondary Ions Mass Spectroscopy), since 

experimental knowledge of fission gas release alone is not efficient enough. 

 

This paper sets out to describe how this method, applied on a 5 cycles (irradiated in 

EDF’s PWR) UO2 fuel, allowed characterizing the respective contribution of the different 

area of the fuel pellet to the global release. After describing the general characteristics of the 

sample, the experimental facilities will be presented. The corresponding results will be 

discussed, with special emphasis on the location and behaviour of gas during the thermal 

transient. 

 

From a general point of view, the annealing test (temperature increase rate of 20°C/s 

up to 1200°C with 10 minutes of plateau at 1200°C) combined to the micro-structural 

characterisation highlighted that the HBS and the central zone of the pellet are strongly 

involved in the total gas release, with an important part for the HBS zone which was drained 

(about the third of the total gas amount). 
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The paper presents a theoretical study of the influence of microstructure on the thermal 
conductivity of fresh and irradiated MOX fuels, using UO2 as a reference. The main parameters 
that have to be included in this kind of study are: the effects of the plutonium content, the 
stoichiometry, the microstructure (inhomogeneous or homogeneous MOX) and burn-up.  
 
It is generally accepted that the thermal conductivity of fresh MOX is lower than that of UO2. 
For the thermal conductivity of fresh MOX, a decisive assumption concerns the effects of the 
plutonium content and microstructure. No consensus is found in the literature on this aspect: 
some experimental results suggest that the effects of the Pu content in the range 3 to 15% and 
of the microstructure are not significant while other studies include these two parameters. 
Concerning irradiated fuels, the formulae giving the burn-up degradation for UO2 are also 
applied to MOX by adding corrections describing the effect of the plutonium and 
microstructure. A key assumption in this approach concerns the ratio between the thermal 
conductivity of MOX and UO2, and its evolution with burn-up. In some references, a constant 
ratio is assumed with increase in burn-up while in others the difference between the thermal 
conductivities of UO2 and MOX decreases or increases with burn-up, depending on the type of 
fresh fuel microstructure (homogeneous or heterogeneous). 
 
The origin of such contradictory results is often linked to the way that some parameters, the 
effects of which are often not fully understood even as single effects, are included in the 
thermal conductivity formulae. For instance, the plutonium content is sometimes included as a 
linear effect although this is not observed experimentally.  
 
After this critical review of the literature, a section dealing with the specifics of the heat 
transfer in the LWR MOX fuels is presented. An important feature concerning fresh fuels is the 
relatively small difference in thermal conductivity between UO2 and (U,Pu)O2, which justifies 
the choice of a simple model to predict the effective conductivity of the MOX composite, 
supposing that the conductivity of the individual constituents is known. With this approach, the 
introduction of artefacts linked to the complexity of the model is avoided without loss of 
accuracy on the final result. The small difference in thermal conductivity between UO2 and 
(U,Pu)O2 is also investigated for irradiated fuel, where the difference in thermal conductivity 
between the matrix and the Pu-rich zones is higher, as a result of a higher burn-up and 
increased porosity. An important step is the choice of a realistic thermal conductivity law for 
fresh (U,Pu)O2 as a function of the Pu content. Finally, different possibilities are investigated 



for the introduction of the effect of burn-up in the model, the final choice being selected after 
comparing the model predictions with experimental results.  
 
In the final section of the paper, the thermal conductivity predictions for MOX fuels with 
homogeneous and heterogeneous microstructures are compared and discussed. The comparison 
is made for different degrees of heterogeneity of the microstructure for fresh fuel and irradiated 
fuel with burn-up up to 100 GWd/tHM. 
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Abstract – An advanced mechanistic code SFPR for modeling of single fuel rod behavior under 
various regimes of LWR reactor operation (normal and off-normal, including severe accidents) is 
under development at IBRAE. The code is designed by coupling of two stand-alone mechanistic 
codes MFPR (for modeling of irradiated UO2 fuel behavior and fission product release) and 
SVECHA/QUENCH, or S/Q (for modeling of Zr cladding thermo-mechanical and physico-chemical 
behavior). Both codes were initially designed for accident conditions (and for this reason, are rather 
mechanistic) and later extended to various normal operation conditions. The main physical models of 
the two codes were adapted and used in the Russian best-estimated integral code SOCRAT designed 
for mechanistic analysis of severe accidents, which was applied to the safety justification of NPP with 
the new generation of VVER type reactor such as Tyanvan NPP in China and Kudamkulam NPP in 
India. 

The code MFPR was developed for analysis of fission products release from irradiated UO2 fuel by 
IBRAE in collaboration with IRSN (Cadarache, France). MFPR was thoroughly validated against 
extended matrix of out-of-pile analytical tests and, for this reason, includes detailed mechanistic 
models on fuel microstructure evolution (including, besides pores and fission gas bubbles, other point 
and extended defects, which become especially important for consideration of high-burnup fuel and 
transient conditions) and chemically active elements behavior. The mechanistic description of 
chemically active elements (fission-induced) is based on complex association of diffusion-
vaporization mechanism involving multi-phase and multi-component thermo-chemical equilibrium at 
grain boundaries with accurate calculation of fuel oxidation. The latest version of the code was 
extended to full-scale systematic simulation of radioactive transmutations of fission products and their 
transport in the fuel. 

The S/Q was initially developed by IBRAE for the detailed modeling of re-flooding phenomena 
observed in the FZK (Germany) single-rod QUENCH rig tests, in close cooperation with FZK 
experimentalists, and also supported by various European organizations (IRSN, JRC/IE) within 4th -6th 
Framework Programs of EC. In the S/Q code, the main physical phenomena occurring during 
degradation of fuel rods are mechanistically considered: cladding oxidation, cladding mechanical 
deformation, hydrogen uptake and release by the cladding, heat conduction inside the fuel rod, heat 
and mass exchange with the surrounding two-phase media. Further development of the code in 
application to normal regimes of reactor operation was performed in collaboration with various 
Russian research and design organizations.  

The new code, SFPR, resulted from coupling of MFPR and S/Q allows new applications to reactor 
tests with instrumented fuel rods pre-irradiated in commercial reactors. On the base of thorough 
validation against various in-pile experiments (HALDEN, SILOE, MIR), development of an advanced 
fuel performance code for best estimate code calculations for both normal and off-normal LWR 
reactor operation regimes is foreseen. Extension of the code to description of fuel rods with MOX, 
TRISO, SFR fuel is important part of the development plan (e.g., started in collaboration with IRSN 
within the new International project SAMANTHA). As a result, it is anticipated to use the single-rod 
code SFPR as a constituent module of the Russian integral code SOCRAT in application to analysis 
and safety justification of the new-generation nuclear reactors.  
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Zirconium-lined Zry-2 cladding tubes for BWR (Boiling Water Reactor) fuels have excellent PCI 

(Pellet Cladding Interaction)-resistance, which is widely demonstrated by many ramp tests up to about 50 

GWd/tU.  Four segmented rods, however, failed in the power ramp tests at about 60 GWd/tU.  

Although the failure power levels well exceeded the design maximum power, destructive PIEs (Post 

Irradiation Examinations) showed that the rods failed with the outside-in cracking mode, where axial 

cracks initiated outside the cladding and propagated inwards.  Detailed metallographic and fractographic 

examinations revealed that the axial cracks initiated at radial hydrides formed at the outer surface and 

propagated in a radial direction by the DHC (Delayed Hydride Cracking) mechanism.  Though many 

studies have been made on the DHC of zircaloys, especially on the degradation of failed fuel rods where 

secondary cracks propagate in an axial direction, there are few reports on the crack propagation in the 

radial direction.  In the present study DHC tests were made on Zry-2 tubes under an SEM (Scanning 

Electron Microscope) to directly observe the DHC process and measure the crack propagation rate in the 

radial direction.  Important insights into the DHC mechanism were obtained by the in-situ observation. 

The ring tensile tests were made in a chamber of the SEM.  Ring specimens were taken from 

unirradiated cold-worked zirconium-lined Zry-2 fuel cladding tubes. The tubes were charged with 

hydrogen by heating at 588 K in an aqueous solution of lithium hydroxide. Hydrogen concentration in 

Zry-2 matrix was about 110 ppm. Circumferential hydrides were almost evenly distributed in Zry-2 

matrix. Some tubes were subjected to thermal cycling between 423 K and 663 K while maintaining 

constant hoop tensile stress of 160 MPa.  Almost all hydrides oriented in the radial direction after this 

treatment. Pre-cracks were established at the outer surface of the tubes by applying cyclic load together 

with iodine methanol solution at 293 K. Depth of pre-cracks was from about 110 µm to 260 µm.  Finally, 

cross-sections of the specimens were polished flat and smooth so that cracks and hydrides could be 

clearly seen under the SEM.  The specimens were heated by a platinum micro-heater at about 598 K for 

dissolution of the hydrides. Temperature was then slowly lowered to test temperatures and, after 



temperature was stabilized, specimens were stretched at a constant rate.  Temperature was measured by 

an infrared thermometer.  Test temperatures were from 293 K to 548 K, while strain rate was about 6 x 

10-6 1/s.  Crack propagation in the radial-circumferential cross-sections of the specimens was 

continuously observed and recorded.  Hydrides were also observed at 293 K by use of a back scattered 

electron imaging technique (BSE). 

The in-situ observation at 293 K showed that a crack in the radially-hydrided material propagated 

slowly along the pre-existing radial hydrides when the stress intensity factor at a crack tip, KI, was lower 

than a critical value, KIc.  It extended very rapidly to penetrate the wall thickness when KI exceeded KIc, 

which was about 1 MPam1/2 to 6 MPam1/2.  This time-independent brittle fracture was caused by the 

fracture of pre-existing radial hydrides and KIc would be associated with the fracture strength of the radial 

hydrides.  In the case of the circumferentially-hydrided material, a pre-crack extended very little due to 

the blunting of the crack tip by the local plastic deformation. 

The time-independent brittle fracture was not observed at temperatures higher than 473 K in the 

radially-hydrided nor circumferentially-hydrided materials, suggesting that the hydrides embedded in 

Zry-2 matrix had some ductility at high temperatures.  Detailed observation of the crack tip movement 

showed that a crack in the circumferentially-hydrided material propagated in an intermittent fashion 

depending on the shape of the crack tip.  A sharp crack propagated at a relatively high rate, while the 

velocity decreased when the crack tip was blunted by the local plastic deformation.  After a period of 

crack arrest a new sharp crack appeared at the blunted crack tip and extended at a higher rate.  The 

intermittent crack propagation tended to approach the steady propagation with an increase in crack depth 

and propagation rate.  The similar trend was seen in the radially-hydrided material except that the crack 

propagation rate was a little bit higher and the crack movement was less intermittent compared with the 

circumferentially-hydrided material.  Effects of the pre-existing radial hydrides at temperatures above 

473 K were much smaller than those at 293 K, which would be attributable to larger ductility of the 

hydrides at higher temperatures.  Detailed observations were made at 293 K after the DHC tests by use 

of the BSE technique, which showed that the radial hydrides precipitated at the crack tip and a number of 

microcracks were formed in the hydrides.  It was presumed from these observations that the radial 

hydrides would slowly precipitate at the blunted crack tip in a period of crack arrest and a new sharp 

crack would be formed by the fracture of the hydrides. 

The crack velocity in the radial direction was obtained as a function of the stress intensity factor at the 

crack tip, KI.  The crack velocity increased rapidly with an increase in KI immediately after the start of 

the propagation, while it was almost steady when KI exceeded the threshold, KIth.  The KIth was from 

about 5 MPam1/2 to 10 MPam1/2 and the steady crack velocity was from about 10-9 m/s to 10-8 m/s 

depending on temperature and hydride distribution. 
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Abstract – Crack growth rates (CGR’s) were determined under sustained and cyclic loads using 
17 mm compact tension and cantilever beam specimens taken from Zr-2.5Nb tubes with 6 to 100 
ppm H.  Under sustained loads, the CGR of the Zr-2.5Nb tubes increased with increasing 
supersaturation of hydrogen, ∆C and leveled off above 20 to 25 ppm H of the ∆C.  Under cyclic 
loads with 1 cycle/min, the CGR at 250oC decreased with decreasing R.  In contrast, striation 
spacing, corresponding to the critical hydride length, decreased with decreasing R, indicating 
easier cracking of the hydrides under cyclic loads.  It is demonstrated that the governing factor 
for the CGR under the decreased ∆C and cyclic loads is the hydride nucleation rate which 
becomes slower than the rates of growth and cracking of hydrides. 

 
 

I. INTRODUCTION 
 
Considering that delayed hydride cracking (DHC) in 

zirconium alloys occurs consecutively by nucleation of 
hydrides at a crack tip, their growth to the critical length 
and their cracking, the crack growth rate (CGR) should be 
governed by the slowest process among the above-
mentioned three processes.  However, this kind of kinetic 
approach has never been considered before.  The aim of 
this study is to demonstrate that the CGR in zirconium 
alloys is governed by hydride nucleation than the other two 
processes.  Given that the hydride nucleation rate is very 
effectively affected by a supersaturation of hydrogen or 
crack tip stress states, this study investigated the CGR of 
Zr-2.5Nb tubes either by changing hydrogen 
concentrations or by applying cyclic and constant loads at 
a constant temperature of 250oC.  It should be noted that 
the cyclic loads create compressive stresses at a crack tip1 
while constant tensile loads do tensile stresses.  

 
II. EXPERIMENTAL PROCEDURES 

 
Two kinds of Zr-2.5Nb tubes were used in this study: 

a cold-worked Zr-2.5Nb tube and a heat-treated one.  17 
mm compact tension (CT) and cantilever beam specimens 
(CB) were used to measured the CGR in axial and radial 
directions of the Zr-2.5Nb tube.  These specimens were 
pre-charged to 6 to 100 ppm H using an electrolytic 
method.  DHC tests were conducted over a temperature 

range of 182 to 250oC under constant loads, unless 
otherwise specified where all the test temperatures were 
approached by cooling. To investigate the effect of cyclic 
loads on the CGR, cyclic loads were applied during DHC 
tests on a heat-treated tube at 250oC where the load ratio 
was varied from 0.13 to 1 with a frequency of 1 cycle/min.  
Details of the DHC test methods under cyclic loads are 
given elsewhere.2 

 
III. RESULTS AND DISCUSSION 

 
Fig. 1 shows the CGR of Zr-2.5Nb tubes with the 

charged hydrogen concentration at different temperatures 
ranging from 182 to 250oC: it increased with increasing 
hydrogen concentration and leveled off to a constant at or 
above 30 to 40 ppm H at low temperatures of 182 to 200oC.  
However, at high temperature of 250oC, this trend turned 
out to be invalid, showing an inconsistent hydrogen 
concentration dependence of the CGR.  However, when 
the results shown in Fig. 1 were plotted as a function of 
supersaturation of hydrogen or ∆C, the CGR increased 
consistently with increasing ∆C and leveled off to a 
constant value above 20 to 25 ppm H regardless of the test 
temperatures as shown in Fig. 2.  Thus, the reasoning that a 
CGR dependence on the bulk hydrogen concentration 
occurred only at 250o, not below that as shown in Fig. 1, is 
due to the ∆C effect.   Given that nucleation of solid 
particles in metals is governed by supersaturation of 
solutes, therefore, the hydride nucleation rate should be 
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dictated by a degree of hydrogen supersaturation or ∆C.  In 
other words, when the ∆C is lower than the critical value 
or ∆Cmax, then the hydride nucleation rate becomes the 
slowest when compared to the rates of growth and 
cracking of hydrides.  This explains the consistent ∆C 
dependence of the CGR shown in Fig. 2. It should be 
noted that at constant temperatures, the hydride growth 
rate becomes constant and striation spacing representing 
the hydride cracking rate becomes independent of 
hydrogen concentrations.  
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Fig. 1. Crack growth rates of a cold-worked Zr-2.5Nb tube 
with charged hydrogen concentration at three different 
temperatures.  
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Fig. 2. Crack growth rates of a cold-worked Zr-2.5Nb tube 
with supersaturated hydrogen concentration over TSSD.  

 
To identify the effect of compressive stresses on the CGR, 
the tension-tension cyclic loads with the load ratio of R 
changing from 0.13 to 1 were applied to a heat-treated Zr-
2.5Nb tube in the DHC tests at 250oC.  As expected, the 
CGR decreased linearly with decreased R, as shown in Fig. 
3.  To assess the effect of the cyclic loads on the hydride 
cracking rate, the striation spacing was investigated with R. 
It was found that the striation spacing decreased with 
decreasing R.  Considering that the striation spacing 
represents the critical hydride length above which hydrides 
start cracking, it is clear that cyclic loads promote hydride 
cracking, increasing the hydride cracking rate with 
decreasing R.  Nonetheless, the reduced CGR with 
decreasing R occurs because the cyclic loads produce 
compressive stresses under cyclic loading, slowing down 
the hydride nucleation rate.  In support of this hypothesis is 
Sun’s experiment1 where compressive strains occurred 
ahead of a crack tip of CT specimens of a Type 316 LN 
stainless steel under cyclic loading and furthermore they 
increased with decreasing R.  Consequently, the decreased 

CGR with decreasing R shown in Fig. 4 is due to the 
deceased hydride nucleation rate caused by the presence of 
compressive stresses in the plastic zone ahead of a crack 
tip.  

0.0 0.2 0.4 0.6 0.8 1.0

1.0x10-8

2.0x10-8

3.0x10-8

4.0x10-8

 

 

C
ra

ck
 g

ro
w

th
 ra

te
 (m

/s
)

Load ratio, R

 CGR at 250oC

 
Fig. 3. Crack growth rates at 250oC of a heat-treated Zr-
2.5Nb tube under cyclic loads with the load ratio, R 
changing from 0.13 to 1. 

 
IV. CONCLUSIONS 

 
Under sustained loads, the CGR of a cold-worked Zr-

2.5Nb tube increased linearly with hydrogen 
supersaturation or ∆C and became flat above a maximum 
value ∆Cmax of 20 to 25 ppm H, corresponding to the 
difference between TSSP1 and TSSD.  This result 
indicates that the ∆C governs the hydride nucleation rate 
and consequently the CGR below the ∆Cmax over which the 
CGR becomes flat.   Under cyclic loads, the CGR and 
striation spacing decreased with decreasing load ratio, R 
when compared to those under sustained loads.  In other 
words, the cyclic loads promoted cracking of the hydrides 
but decreased the CGR.  This decrease of the CGR with 
decreasing R is due to compressive stresses (strains) at a 
crack tip, making the hydride nucleation rate slower than 
other processes.  Consequently, this study demonstrates 
that the crack grow rate in zirconium alloys is governed by 
the hydride nucleation rate either at a lesser degree of 
hydrogen supersaturation or under cyclic loads 
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Under normal PWR operating conditions, the cladding is oxidized by the water, leading to the 
formation of an oxide layer on the external surface. This oxidation process also induces 
hydrogen pickup within the cladding. When exceeding the solubility limit of hydrogen in the 
zirconium alloy matrix, hydride platelets precipitate. After irradiation, mainly 
circumferentially-orientated hydrides are observed in Stress Relieved Annealed (SRA) 
Zircaloy-4. 
 
Depending on the hydrogen content, temperature increase induces partial or total dissolution 
of these hydrides. After this dissolution phase, a cool down under applied stresses can promote 
radial orientation of re-precipitated hydrides. These radial hydrides are known to have a 
deleterious impact on the cladding strength and ductility. The objective of this study is to 
evaluate, using ring compression tests (RCT), the stress conditions leading to the formation of 
radial hydrides within the cladding during such thermal-mechanical transient and also to 
examine the resulting embrittlement of the specimen. Usually hydride reorientation tests are 
performed on pressurized tubes. This technique requires a test per stress level tested and thus 
induce significant material consumption. Recently, hoop tensile tests with gage section, loaded 
with inserted mandrels were tested and made it possible to determine the influence of a large 
range of stresses on hydride reorientation using a single specimen. But these tests are affected 
by mandrel-sample friction, moreover the friction level is not always very accurately known. 
The interest of ring compression test is they are not influenced by friction between the sample 
and the loading device.  
 
Hydrided SRA Zircaloy-4 cladding segments have been prepared. The tubes were loaded with 
gaseous hydrogen at elevated temperature leading to uniform hydride distribution. Two 
hydrogen contents were investigated, 100 and 500 wppm. Hydride reorientation tests were 
performed using a mechanical testing device equipped with a heated chamber. Twenty-
millimeter-long samples were used for RCT which induce strain gradients depending on both 
circumferential and radial locations in the ring. The outer diameter equatorial region of the 
ring is characterized by a tensile stress field. In the hoop direction, the tensile stress ranges 
between 0 up to a maximum stress. Finite-Element calculations provide a correlation between 
the maximum hoop stress level and the applied load. The stress field in the cladding was 
demonstrated to be independent on cladding temperature under constant applied load. It 
means that, at a given location, hoop stress remains constant during the whole thermal-
mechanical transient. Several samples were: first heated up to 350°C, followed by a 
temperature stabilization period, and finally cooled down under applied load with a controlled 
slow cool down rate down to room temperature. 
 
Metallographic analysis of the tested samples highlighted significant hydride reorientation at 
locations exceeding a given hoop stress level. The stress gradient field, determined by finite 
element calculations, is consistent with a gradient of observed hydride distribution over the 
entire sample cross-section. Two hoop stress thresholds are derived, for zero hydrides 
reorientation and full radial hydrides orientation. The obtained results are in good agreement 
with literature data on other kind of specimen tested. The test provides quantitative 
information on the radial hydride induced embrittlement. Ring compression test appears to be 
an efficient tool for hydride reorientation analysis. 
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Studies and more specifically, simulations of pool storage accidents require a well adjusted  
and dedicated thermal creep modeling for irradiated claddings applicant to low stress levels. 
IRSN and industrial partners made significant efforts to determine the irradiated Zircaloy-4 
creep rate under such conditions. Several high burnup Stress-Relieved-Annealed (SRA) Zircaloy-
4 fuel cladding samples were tested at elevated temperatures in order to characterize creep 
rates. Open literature creep test results were reviewed and included in the available data 
supporting modeling. The goal of this modeling is to provide creep rates in a large range of 
temperatures. 
 
The creep rates are clearly affected by two main effects, the irradiation defect annealing, and 
recristallization of the cladding. The potential influence of hydrogen in the creep rates was not 
evidenced based on the set of data supported the proposed modeling. One of the difficulty in 
pool-storage deflooding accident is the limited duration of the investigated scenario of less 
than thousand hours. Due to this short duration, irradiation defect annealing and 
recristallization are evidenced at elevated temperatures. Low temperature creep data was 
however included in order to provide low temperature extrapolations to creep laws. For 
cladding temperatures over 550°C, authors observed that the creep rates obtained on 
irradiated Zircaloy-4 are consistent with creep rates obtained on fresh Zircaloy-4. It was thus 
possible to determine accurate extrapolations at elevated temperatures. 
 
A low stress thermal creep model consistent with creep data analysis, was derived for a large 
range of cladding temperatures. The model is validated using some creep tests performed 
under conditions of interest for pool-storage accidents analysis. 
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Abstract 

 A fuel failure with an axial cracking starting at the cladding outer surface and penetrating inwards 
(outside-in cracking) observed during power ramp test on high burnup BWR fuel has been a potential issue 
for the high burnup fuel integrity. Its process has been considered to initiate by the incipient crack induced 
by the accumulated radial hydrides or dense hydride layer at the cladding outer rim and to propagate by 
hydride precipitation around the crack tip through delayed hydride cracking (DHC) mechanism. 
Accordingly, hydrogen diffusion behavior in the cladding tube should be an important factor for both 
initiation and propagation steps. 
 Hydrogen content absorbed in the cladding tube increases at high burnup and the amount exceeding 
solubility limit precipitates as hydrides. In case of Zr-lined cladding tube, a large amount of hydrogen 
moves to Zr-liner layer due to its lower hydrogen solubility during cooling down period. Hydrogen 
accumulated in the Zr-liner can diffuse back to cladding base material towards the colder outer rim by 
thermal diffusion during the next operation on power to form equilibrium distribution of hydrogen in solid 
solution according to the temperature gradient. Under the conditions of coincident cladding circumferential 
tensile stress and large temperature gradient enough to cause equilibrium hydrogen concentration exceeding 
the terminal solid solubility for precipitation (TSSP), diffused hydrogen precipitates as hydride in radial 
orientation which is a potential site for the incipient crack. 
 Hydrogen thermal diffusion behavior in the cladding tube radial direction was examined on Zr-lined 
Zircaloy-2 cladding tubes of different dimensions which were charged with hydrogen in high temperature 
aqueous solution of LiOH and subsequently cooled down at a slow cooling rate to accumulate hydrides in 
the Zr-liner layer. Metallographs of the specimens showed the most amount of hydrogen accumulated in 
Zr-liner layer. Hydrogen charged specimens were subjected to thermal diffusion test at outer surface 
temperature of 288oC under radial temperature gradient and circumferential tensile stress to investigate 
conditions to form radial hydrides at the outer rim. Temperature gradient was generated by the heater rod 
inserted in the specimen tube in the range of linear heat generation rate (LHGR) of 25-45kW/m and 
circumferential tensile stress of 200MPa was applied by the internal pressurization. Test results clearly 
demonstrated an effect of temperature gradient on the radial hydride precipitation. In the case of cladding 
tube specimens of 8X8 design, no significant hydride accumulation at the outer rim was observed on 
specimens tested at LHGR of 25kW/m but a large number of radial hydrides precipitated at LHGRs of 
30kW/m and above. Length and width of radial hydrides increased with the increase in LHGR but no clear 
increase in number density was observed. Diffusion model analyses were made on such results to discuss 
properties regarding hydrogen thermal diffusion such as heat of transport. 
 Hydrogen induced crack propagation behaviors in radial direction were examined on cold worked 
Zircaloy-2 cladding tubes. Pre-cracks were prepared on the specimen outer surface by the method of cyclic 
compressive loading together with the iodine methanol solution. Pre-cracked specimens were held at 
constant outer surface temperature of 288oC under circumferential tensile stress condition of 200MPa by 
internal pressurization. Temperature history to include overshoot period to attain oversaturated hydrogen 
was not employed for the present study but heat flux to generate radial temperature gradient, which induces 
hydrogen flux in radial direction, was applied to the specimen tube by the same internal heater rod as 
mentioned above. Test results also demonstrated an effect of heat flux on crack propagation behavior. 
Specimens tested without heat flux showed no indication of crack propagation but those tested with heat 
flux in the LHGR range of 30-45kW/m exhibited propagated cracks. Crack propagation velocity at 288oC 
seemed larger than that estimated by previous tests without heat flux at the same temperature in which 
temperature overshoot method was employed. 
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Effect of hydride on the ISCC crack initiation and
propagation in the high burnup-simulated nuclear fuel

cladding
S.Y. Park, B.K. Choi, J.Y. Park, Y.H.Jeong (KAERI-KOREA)

Nowadays, many power plants adopt high burn-up operation which includes high power, enlarged fuel cycle, and so
on. In this high burn-up condition, PCI and hydrogen embrittlement were serious problems in relation to cladding
safety. Firstly, as the burn-up increased, the diameter of the cladding is decreased but the outer diameter of the fuel
pellet is increased so that the PCI behavior will be very severely. In addition the concentration of iodine inside the fuel
rod increased so that the possibility of both a mechanical and a chemical interaction which causes a ISCC become
more severe.

The cladding tubes of the LWR pick up part of the hydrogen evolved during reactor operation by coolant-metal
corrosion reaction. Hydrogen concentration in the cladding tube increased sharply with the burn-up. Hydrogen present
in excess of terminal solid solubility (TSS) precipitates out as hydride phase, which shortens the working life of the
materials with a degradation of the mechanical properties such as ductility, impact strength, toughness, and creep
resistance.

The initiation and the propagation of an ISCC crack is very complex to be fully understood. Recently, we have
proposed that grain-boundary pitting coalescence (GBPC) and pitting-assisted slip cleavage (PASC) models are
appropriate for evaluating crack nucleation and growth in a commercial grade of nuclear fuel cladding without
hydriding. The main factors affecting the crack initiation step were pitting nucleation, growth and agglomeration in that
the pits are preferentially formed around a grain-boundary (GB) as a result of a local corrosion reaction by iodine.
When these pits combined in a crystallographic slip plane, a cleavage crack was generated in that grain. Up to KISCC,
a micro-crack was mainly grown by a GBPC, and above KISCC, this crack was quickly propagated by a PASC. The
increase of the pitting resistance at the grain-boundary played a critical role in delaying the crack propagation rate of a
fuel cladding.

The direction of hydride platelet in a cladding is formed along to grain boundary generally, which can affect to GBPC
and PASC model as well as crack propagation rate. So, in this study, we focused on the crack initiation and
propagation of pre-hydrated Zircaloy-4 cladding in high temperature and high pressure iodine environment. Using
hydriding methods for minimum change of cladding surface and microstructure, various concentration of hydrated
specimen were prepared and tested. To evaluate the PCI properties of the hydrated claddings, internal pressurization
technique was used in an iodine environment at 350oC. Pressurization can be achieved by the high purity helium
compressed by air-driven pressure booster. The stress range of the test was selected in the condition for a plane strain.
Two types of tests were performed. Time-to-rupture test in which the cladding did not receive a pre-crack procedure
was used in order to investigate the initiation of micro-crack on the smooth inner surface under a corrosive
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environment. The other was a pre-cracked test where the initially pre-cracked specimen was pressurized under an
iodine environment to observe how the initial crack propagates. Pre-crack was made by the fatigue cracking method.
Cladding was cut into 130 mm lengths then a sine wave whose displacement amplitude and frequency were 0.12 mm
and 5 Hz respectively, was applied to generate the artificial pre-crack at a depth of 25 ~ 50 % in cladding thickness.
After pressurization test, the ruptured position of the specimen was cut to observe the cross-section. From a detailed
analysis of the fractographs obtained by scanning electron microscope, ISCC crack thickness, crack propagation rate
and threshold stress intensity factor (KISCC) were evaluated for hydrated and un-hydrated Zircaloy-4 cladding. The
effect of hydride on ISCC crack initiation and propagation was evaluated, which were governed by grain-boundary
pitting coalescence (GBPC) and pitting-assisted slip cleavage (PASC) model.

...
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Extended Abstract 

 
In the event of upset or very high power conditions, it is possible that the temperature at the centreline 

of a fuel pellet will exceed the local melting condition. This possibility is enhanced if the fuel element has 
become defective, in which case the coolant may contact the UO2 and oxidizes it to UO2+x. 
Hyperstoichiometric fuel has a reduced thermal conductivity and a lower incipient melting point (solidus), 
thus reducing the margin of safety to avoid molten fuel. For the sake of safety analysis, it is therefore 
important to have a good understanding of the U-O binary phase diagram, particularly in the description of 
UO2+x melting.  

In this work, a partial re-assessment of the U-O phase diagram is proposed based on recent 
experimental results, linked to a thermodynamic analysis employing Gibbs energy minimization and Phase-
Field theory. The Gibbs energy calculations lead to a better understanding of the implications of the new 
experimental points on the U-O phase diagram. The effect of high external pressure on the measured phase 
transition temperatures to reduce the volatilization of uranium oxides is in particular considered. This work 
demonstrates the synergetic co-development of experimental and theoretical work, and its value in 
investigating phenomena occurring under extreme, but important, conditions.  

The binary U-O system is of great interest to both the scientific and technical communities. However, 
much of the U-O phase diagram is under controversy at temperatures exceeding 2000 K, due to the poor 
chemical stability of phases with respect to their possible loss of oxygen. Measurements in this domain 
have been performed in the last few years at ITU Karlsruhe by laser flash heating coupled with fast 
pyrometery. With this experimental approach, the melting transition of the stoichiometric and 
hyperstoichiometric uranium dioxide has been measured up to x = 0.21. Solidus and liquidus points were 
determined both visually and by observing the corresponding thermal arrest on the recorded thermograms. 
A further method of investigation, called the "Reflected Light Signal" method was moreover developed in 
order to overcome uncertainties mainly linked to the complex melting process in the presence of 
temperature and concentration gradients within the sample.  
      Thermodynamic models have been constructed of solid and liquid hyperstoichiometric uranium dioxide 
to respect experimentally measured oxygen potentials in solid UO2+x, other current thermodynamic models 
and phase transition temperatures from experimental laser flash measurements conducted at ITU. A stand 
alone numerical tool is in development to provide a means of performing thermochemical calculations 
intended for direct insertion into fuel performance codes and other software requiring knowledge of 
equilibrium chemistry as boundary conditions for heat and mass transfer.  

Concurrently, a Phase Field model, based on irreversible thermodynamics, is being developed for use in 
the analysis of experimentation involving non-congruent phase change and to simulate fuel centreline 
melting in operational nuclear fuel. The non-congruent phase change introduces latent heat and oxygen 
redistribution effects into the heat and mass transport models. The extent of oxygen redistribution is 
determined by the solidus and liquidus lines observed in the laser flash experiments, and reflected in the 
equilibrium thermodynamic treatment, which is an input in the Phase Field model. The overall model 
determines the thermal and chemical behaviour of the fuel, including latent heat effects, oxygen 
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redistribution, non-congruent vapourization and phase stability. The phase stability analysis is currently 
implemented using a self-standing Gibbs energy minimization process appropriate to a binary system, but 
is readily conceived to systems of higher order. Thus, kinetic and thermodynamic models are united and a 
fundamental bridge between theory and experiment is formed.  
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FUMEX-III:  A New IAEA Coordinated Research Project on Fuel 
Modelling at Extended Burnup 
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The International Atomic Energy Agency has initiated a new a Coordinated Research Project on Fuel 
Modelling at Extended Burnup (FUMEX-III). Currently, thirty one fuel modelling groups are participating 
with the intention of improving their capabilities to understand and predict the behaviour of water reactor 
fuel at high burnups. The exercise is carried in coordination with the OECD/NEA. The participants will 
model test cases provided by from sources such as the Halden Reactor Project and commercial irradiations 
and tests from the participants themselves. It is also intended to utilise idealised cases to test model 
behaviour under high burnup conditions. All cases are maintained in the OECD International Fuel 
Performance Experimental (IFPE) Database. 
 
The participants are particularly interested in modelling transient behaviour and mechanical interactions 
between pellet and cladding, including severe transient behaviour (RIA/LOCA) as well as temperature and 
fission gas release. However the participants include newcomer teams as well as state-of-the-art code users 
and have differing needs depending on the reactor system that they are modelling (PHWR, PWR, BWR, 
WWER) and the level of code development and experience that they have, so a matrix of test cases has 
been developed to allow each team to test their codes and methods appropriately. Some codes (eg 
TRANSURANUS and FEMAXI) are being used by several teams, both developing models and code user 
expertise. 
 
This paper summarises the objectives of the participants, the matrix of test cases that has been made 
available to the participants and some additional cases that are being prepared for inclusion in the later 
stages of the Project.   
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ABSTRACT 
To characterize the unstable behavior of the Peach Bottom Unit 2 BWR, a number of perturbation 
analyses were performed: arrangements with Philadelphia Electric Company (PECo) were made for 
conducting different series of Low Flow-Stability Tests at Peach Bottom 2, during the first quarter of 
1977. 

The Low Flow Stability Tests intended to measure the reactor core stability margins at the limiting 
conditions used in design and safety analysis, providing a one-to-one comparison to design calculations. 
Stability tests were conducted along the low-flow end of the rated power-flow line, and along the 
power-flow line corresponding to minimum recirculation pump speed. 

In this work, three dimensional time domain BWR stability analysis were performed on a new analysis 
point (PT_UPV), which is inside the exclusion region with a core mass flow of 4660.1 kg/s (34% of the 
core rated mass flow) and total reactor power of 1997.8 MW (60.7 of the core rated reactor power), 
using the coupled code RELAP5-MOD3.3/PARCSv2.7. This point is achieved departing from test point 
3 by the control rod movement as it is usual performed in Nuclear Power Plants. 

For the core, 48 thermalhydraulic channels have been modeled to represent the active part of the core 
and one channel for all by-passes. The thermalhydraulic-to-neutronic mapping has been made based on 
the fundamental and first and second harmonics shapes of the reactor power, calculated with the modal 
code LAMBDA. For the rest of the plant a coarse nodalization has been adopted for limiting the needed 
computer resources. For the neutronic code, a nodalization with a 3D core mesh composed with 764 
axial nodes has been modeled. A large set of cross section data including 435 compositions has been 
adopted in neutronic input deck. 

The purpose of this study is to qualify this coupled code against this kind of 3D complex accidents that 
take place inside the core. The calculated results show that point PT_UPV is an unstable point and the 
obtained relative axial power distribution shows a bottom-peaked profile, which is characteristic of 
unstable cores. A limit cycle in-phase oscillation on the total reactor power evolution is obtained. 
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New power transient test capsules in the JMTR
Satoshi Hanawa, Jin Ogiyanagi, Yoshitomo Inaba, Hideo Sasajima, Jin Nakamura, Takehiko Nakamura (JAEA)

A continuous endeavor for development of high performance fuels is essential for efficient fuel management of Light
Water Reactors (LWRs). At present, introduction of 10x10 type BWR fuel rods with modified Zircalloy cladding is
expected in Japan, in addition to wider utilization of mixed oxide fuels. For the next generation LWRs, high
performance fuel rods using UO2 pellets enriched beyond 5% and new cladding alloys is going to be developed for
highly extended burnups. The irradiation behavior of the fuels depend on the fuel design, materials and irradiation
conditions. Thus, to facilitate the new design fuels safely, the fuel integrity data such as failure threshold as well as
failure mechanism under normal and abnormal conditions must be clarified. Japan Atomic Energy Agency (JAEA) has
a long experience of power transient tests of BWR fuels at the Japan Materials Testing Reactor (JMTR) using a
capsule type test facility, known as the Boiling Water Capsule (BOCA) / the Oarai Shroud Facility (OSF). Based on
this experience, JAEA has started to prepare a new power transient test facility which has the capsule type. One of the
advantages of the capsule type test facility is the efficient execution of the tests by on-power handling of the capsules.
The test facility has own power control system using a He-3 gas screen in order to control the tested rod power
independently of the reactor power. The natural convection capsule has been used for BWR fuel tests in the JMTR and
the cladding temperature is controlled by the saturation temperature of cooling water. Capability of the capsule is to be
extended to cover PWR fuel tests. Moreover, in order to obtain more representative experimental conditions to
simulate the actual LWR, a forced convection capsule is being developed. The basic structure of the forced convection
capsule is similar to the natural convection capsule but this is equipped with a small pump to circulate the coolant and
a controllable thermal shield to control the coolant temperature in the capsule. The combination of the forced
circulation system and the controllable thermal shield allows us to control the cladding temperature more flexibly. For
the development of these new type capsules, mock-up tests have been performed to confirm thermal and hydraulic
characteristics of the capsules. In parallel, a thermal hydraulic code, ACE-3D, has been modified to apply this code to
the capsule structure. In this paper, concepts and the characteristics of the capsules are reported.
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Since 1966 the OSIRIS reactor located at Saclay centre, near Paris, is participating to French and international 
irradiation programs for Research and Development in the field of nuclear fuel and materials. 
Today the French Atomic Energy Commission (CEA) pursues irradiation programs in support to existing reactors, 
mainly PWR, strengthening its own knowledge and the one of its clients on fuel and material behaviour under 
irradiation, pertaining to plant life-time issues and high burn-up. For instance important programs have been 
performed on pressure vessel steel aging; pellet-clad interaction (PCI) also induces a large program in the 
irradiation loops operated within the reactor. 
With the arising of fusion and GEN IV R&D program, the OSIRIS reactor has developed capacities to undertake 
material irradiation under high temperature conditions. After out looking main characteristics of the reactor and 
recent improvements achieved, the presentation will focus in a second part, on the devices available in OSIRIS to 
perform irradiation in light water reactor conditions and in high temperature reactor conditions. 
To be successfully carried out, an irradiation experiment calls for a wide range of skills and facilities provided by 
upgraded modelling as well as experimental platform around the reactor. The third part of the article will be 
devoted to those facilities. 
 

 
 
 
 

This submission is for a poster session. 
 



Effect of CANDU Fuel Bundle Modeling on Sever Accident Analysis

file:///D|/Documents%20and%20Settings/js137471/Mes%20documents/topfuel/48-2036.htm[11/09/2009 09:59:44]

Contact Author:
Prof. Dupleac Daniel 
danieldu@cne.pub.ro
P:+4021- 402 9794
F:+4021- 402 9675
Power Plant Engineering Faculty, 
Politehnica University,
313 Splaiul Independentei, 060042, sect. 6
Bucharest, 
Romania

Effect of CANDU Fuel Bundle Modeling on Sever
Accident Analysis

D. Dupleac (Politehnica University of Bucharest), M.Mladin (Institute for Nuclear Research, Mioveni), I. Prisecaru
(Politehnica University of Bucharest)

In a CANDU 6 nuclear power reactor fuel bundles are located in horizontal Zircaloy pressure tubes through which the
heavy-water coolant flows. Each pressure tube is surrounded by a concentric calandria tube. Outside the calandria
tubes is the heavy-water moderator contained in the calandria itself. The moderator is maintained at a temperature of
70°C by a separate cooling circuit. The moderator surrounding the calandria tubes provides a potential heat sink
following a loss of core heat removal. The calandria vessel is in turn contained within a shield tank (or reactor vault),
which provides biological shielding during normal operation and maintenance. It is a large concrete tank filled with
ordinary water. During normal operation, about 0.4% of the core’s thermal output is deposited in the shield tank and
end shields, through heat transfer from the calandria structure and fission heating. In a severe accident scenario, the
shield tank could provide an external calandria vessel cooling which can be maintained until the shield tank water
level drops below the debris level. The CANDU system design has specific features which are important to severe
accidents progression and requires selective consideration of models, methods and techniques of severe accident
evaluation. Moreover, it should be noted that the mechanistic models for severe accident in CANDU system are largely
less well validated and as the result the level of uncertainty remains high in many instances. Unlike the light water
reactors, for which are several developed computer codes to analyze severe accidents, for CANDU severe accidents
analysis two codes were developed: MAAP4-CANDU and ISAAC. However, both codes started by using
MAAP4/PWR as reference code and implemented CANDU 6 specific models. Thus, these two codes had many
common features. Recently, a joint project involving Romanian nuclear organizations and coordinated by Politehnica
University of Bucharest has been started. The purpose of the project is the assessment and adaptation of the
SCDAP/RELAP5 code to CANDU 6 severe accidents analysis. The SCDAP/RELAP5 code is a detailed mechanistic
code, originated from the merging of the SCDAP and the RELAP5 code, each of them focussing on a specific part of
severe accident phenomenology. The SCDAP code models the core behavior during a severe accident. Treatment of
the core includes fuel rod heatup, ballooning and rupture, fission product release, rapid oxidation, zircaloy melting,
UO2 dissolution, ZrO2 breach, flow and freezing of molten fuel and cladding, and debris formation and behavior. The
code also models control rod and flow shroud behavior. The standard CANDU fuel bundle consists of 37 identical
base elements, arranged in circular rings, with 1, 6, 12 and 18 respectively associated rods. Fuel elements associated to
different rings have different power peaking factors. Although no specific model for CANDU fuel bundle is provided
in SCDAP code, starting from fuel rod component CANDU fuel bundle models of different complexity can be build.
Three models were considered in this study. The first, the simplest one, consist in assuming that all fuel elements of a
bundle behave in the same manner, having the same power. Thus, in this representation, the CANDU fuel bundle is
modeled by one SCDAP fuel rod component. The main advantage of this model is the increased speed of the
simulation runs. The second model, consider four types of SCDAP fuel rod components to model the CANDU fuel
bundle. Thus, the fuel elements of different rings are modeled separately with their actual power peaking factors.
However, in this model, the fuel channel is modeled as a single pipe component; consequently all the SCDAP fuel rod
components have the same thermal hydraulic boundary conditions. The third approach, consider the same model for
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the CANDU fuel bundle as in the second model but the fuel channel is modeled as four pipe components linked by
cross-flow junctions simulating the possible inter-channel communication along the fuel length. Therefore, this model
allows different thermal hydraulic condition at SCDAP fuel rod components boundary. The aim of this paper is to
evaluate the effect of CANDU fuel bundle modeling on sever accident analysis. The results obtained using the three
models were compared in term of temperature distribution across the fuel bundle, oxidation rate, hydrogen production
and timing for reaching the criteria for bundle and fuel channel disassembly. 
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ABSTRACT 
To efficiently characterize realistic transients, as the Reactivity Insertion Accidents (RIA), using 
coupled neutronic-thermal-hydraulic 3D best estimate system codes, like RELAP5/PARCS v2.7 coupled 
code, it is necessary to introduce some improvements in simulations by adding the capability of control 
rod movement and boron injection by means of RELAP5 control variables, with the aim of being able to 
analyze dynamically asymmetric transient accidents in a nuclear power reactor, like RIA, reproducing 
all control systems present in commercial reactors. 
 
In actual neutron kinetics codes, control rods banks do not have the possibility of dynamic movement 
during the simulation of a transient; besides it is necessary to send the boron concentration from the 
thermal-hydraulic code to the neutronic code to account for changes in cross-sections due to boron 
dilution. For instance, control rod movements are pre-programmed with simple instructions introduced 
before the beginning of the calculation. Hence, control rod positions are not related to the core 
characteristics and the control systems at any time of the simulation.  
 
This work presents the changes introduced in RELAP5/PARCS v2.7 codes to achieve that control rods 
and the boron injection become more dynamic and realistic components in such kind of simulators. 
 
With these modifications, control rods can be moved automatically, activated by the RELAP code 
control system, and also they can depend on signals related to the reactor activity, like pressure, fuel 
temperature or moderator temperature, etc., improving the realism of the calculation and widening the 
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simulation possibilities. RELAP5 calculates the boron concentration in each node of the channels 
representing the reactor core, sending this information to the PARCS neutronic code. 
 
The environment of work chosen have been the graphical environment of programming Compaq Visual 
Fortran 6.6A (CVF 6.6A). The fundamental reasons have been, on the one hand the facility of 
programming and versatility of the debugger of this environment, and on the other hand the fact that the 
PARCS v2.7 source code came already prepared for this environment. RELAP5 did not come prepared 
for this graphical environment of programming, their compilation was made from files “shell script” of 
the operating system UNIX or CYGWIN, being all the process hidden for the user. Therefore, it was 
necessary to adapt the source code of RELAP5 to CVF 6.6A. 
 
As practical qualification, a standard best estimate RIA transient for TRILLO NPP is presented. 
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 Increase of the burnup due to the use of the higher enriched fuel is a generally accepted 
method to reduce cost of the fuel cycle. Use of the higher enrichment UO2-fuel requires insertion 
of a certain amount of burnable absorber directly into fuel elements to compensate for the excess 
initial reactivity. Interest to the system UO2 – Gd2O3 is due to the use of gadolinium in the fuel 
cycles in VVER-440 and VVER-1000 reactors as the burnable absorber of neutrons. UO2 – Gd2O3 
system is the binary one (to be more specific – triple), therefore phase transition from the solid state 
into the liquid state for the specified system composition takes place in the temperature interval, 
where both solid and liquid phases co-exist. There exist no reliable data on the temperatures of the 
beginning of melting (solidus curve) in the interval of the used concentrations from 1 to 12 mass % 
of Gd2O3, necessary for licensing of the Uranium-Gadolinium Fuel (UGF). And still UGF has 
been used for a long period of time (for example, Simens AG company is using it since 1970-es). 
Experimental data of different authors published in the open literature indicating solidus 
temperatures of UGF with the same concentration of Gd2O3 differ greatly. With the concentration 
of Gd2O3 of 3.5 mass % some authors believe that the UGF solidus temperature is 2450oC, and 
some – 2820oC; with the concentration of 10 mass % of Gd2O3 – 2290oC and 2720oC, 
respectively. The proposed paper: 1) presents expert judgment of the potential reasons for 
significant difference in data of the UGF liquidus temperatures published in the open literature; 2) 
based on the recent satisfactory concordant data of the UGF liquidus temperatures for the 
compositions from 0 to 30 mol. % (0 to 36.5 mass %) of Gd2O3, solidus temperatures of UGF 
were accurately calculated with the methods of computational chemical thermodynamics. 
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Poster summarizes results and experience gained during development of global FRA-TF 
fuel rod FEM simulator. 
Step by step is explained design of an AutoCAD 3D model of the WWER-440 typical fuel 
rod and WWER-1000 typical fuel rod. All the inner fuel rod design parts are modeled and 
connected in the whole model – object. The transfer of prepared 3D models into the 
COSMOSDesignSTAR/COSMOSM system was made and the various types of meshing as 
well as solid type of FEM elements tested. 
Fuel rod is modeled with all inner design parts appropriately meshed for the thermo-
physical simulation (thermal field with all thermal sources and heat local and global 
transfers). Example of the software limitations is given. The FRA_TFM versions (WWER-
440 and WWER-1000) are using nonlinear thermal solver (HSTAR), static mechanics 
solver (STAR) and nonlinear (NSTAR) mechanics COSMOSM solver. All materials, 
thermophysical properties as well as mechanical properties are prepared in the form of 
COSMOSM library – functions and material curves with temperature dependence and time 
(expressing burn-up process). 
Successful implementation of a simulator for the of-line usage at the NPP and its validation 
against the FEM based integral code FEMAXI is given. 
Open questions of this type of development and industrial implementation are discussed in 
the conclusions. Computer technics and practical applicability is critically commented 
using real case of a 5 year irradiation history calculation of a typical WWER-1000 fuel rod. 
This poster closes one phase of our work, which started with classical safety 
documentation and 2D sketches as input and ended in the modern AutoCAD-
COSMOSDesignSTAR 3D application delivered to the industry customer. 
Developed models can be transferred to another FEM based program that has more 
features. 
 



          
 

Fig. 1 Example of a) temperature distribution in the lower end cap and b) finite element 
mesh of upper end cap. 
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Fission product (FP) release from nuclear fuel is a phenomenon having important safety implications in all reactor 

systems. For a wide range of external conditions, the main mechanism of the release is generally accepted to be 
diffusion of individual FP atoms to open porosity, which offers a direct escape route from the fuel [1-3]. This is why the 
diffusion mechanism is an indispensable component of modern mechanistic models simulating fuel evolution in both 
regular and abnormal regimes.  

In the majority of the models the consideration is restricted only by stable FPs, which is justified for a number of 
applications such as description of mechanical and thermophysical properties of the fuel under different external 
conditions. However, such approach is inappropriate for analysis of phenomena in which the radioactivity plays a key 
role. It is enough to mention that the standard experimental technique of measurement of the release from fuel is based 
on the detection of FP activities.  

Diffusion of radioactive FP (RFP) was theoretically analyzed in a number of papers [4-6]. However the analyses 
were performed in a simplified manner ignoring other physico-chemical effects relevant to the FP transport in fuel. In 
addition, the considerations were restricted by several short isolated decay chains. Meanwhile, many important 
problems related to reactor safety such as assessment of residual decay heat or radioecological impact under accidental 
conditions imply an advanced and systematic evaluation of yields and releases for a wide range of RFPs. Importance of 
the problem became even more evident taking into account the growing interest to the new kinds of nuclear fuel, 
campaign elongation for the active and new generation reactors with the increased burnups, since justification of 
nuclear safety requires adequate estimation of acceptable limits for the increased FP release.  

This paper presents the model for regular solution of the diffusion problem in the framework of mechanistic code 
MFPR [7, 8] designed for modeling of FP release from irradiated UO2 fuel grains in various regimes of nuclear reactor 
operation, which gives an advantage of mechanistic approach, first of all, concerning realistic consideration of FP 
behavior based on physically grounded parameters. The main MFPR outputs are gas-bubble size and concentration, 
chemical speciation of solid- and gas-phase FP bearing compounds, point- and extended-defect characteristics, fuel 
oxygen potential, swelling and FP release. In regard to FP diffusion, an important principle feature of the MFPR 
approach is the self-consistent specification of boundary conditions considering thermo-chemical equilibrium of sub-
systems "solid solution", "solid precipitates" and "gas phase" at grain faces. The recent coupling of MFPR with the 
SVECHA code [9] (designed for mechanistic simulation of thermo-mechanical and physico-chemical behavior of Zr 
cladding) provided the modeling of FP release from fuel pellets in the framework of the new fuel performance code 
SFPR [10].  

In our approach the RFP yields and radioactive transformations are described in the framework of one-group 
approximation taking into account the most significant nuclear processes including β−-decays, isomer transitions and 
(n, γ) reactions. This allows an acceptable accuracy of treatment of isotope transmutation chains of manifold 
configurations for virtually arbitrary number of RFPs. In practical calculations an optimal set was used including about 
a half hundred isotope chains consisting of about two and a half hundred the most significant isotopes, which provided 
an adequate description of the FP concentrations, activities and decay heat rates. The diffusion problem for the fuel 
grains is solved in a standard manner within the spherical geometry utilizing the spatial Fourier transformation. The 
efficient techniques were elaborated to integrate the temporal equations for the Fourier coefficients and to evaluate 
weighed sums of the coefficients resulting in the tractable numerical scheme, which provided a sufficient accuracy for 
the RFP concentrations at low cost computational efforts.  

Thorough validation of the approach against the experimental data [3] for a limited available set of isotopes has 
been performed. It was confirmed that the transport of halogen precursors can make significant contributions to release 
of the radioactive noble gases. In addition, it was demonstrated the important role of radioactive transformations and 
thermo-chemical effects in the FP release out of fuel. Further applications of the model to the in-pile reactor 
experiments are foreseen in the close future. 
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PCI Analysis and Fuel Rod Failure Prediction using FALCON 
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1. Introduction. 
 
A variety of experimental and analytical methods have been used over the years to 
predict cladding failures during power maneuvers in commercial power plants. The 
proliferation of these methods has been fueled by the need to assess fuel-rod design 
remedies or new operational procedures devised to limit or eliminate pellet-cladding 
interaction (PCI) fuel rod failures caused by stress corrosion cracking (SCC) of the 
cladding under strong pellet-cladding mechanical interaction (PCMI). Early methods, 
mostly empirically based, proposed to avoid PCI failures by imposing power ramp rate 
restrictions combined with power conditioning procedures.  Those approaches, however, 
later proved to be unreliable; the reason being inadequate technical basis, which has 
resulted in imposing overly restrictive constraints on operation in some cases.   
 
Recent literature review of relevant work has revealed two primary approaches for 
assessing and limiting the potential of cladding failure by PCI: 1) developing a 
correlation for a threshold stress that should not be exceeded, and 2) employing a more 
mechanistic approach in which detailed local-effects analysis of the PCMI-induced 
stresses is combined with an SCC-based cumulative damage failure model.  
 
With respect to the first method, recent work by M. Billaux [Billaux 2004] and S. Béguin 
[Béguin 2004] illustrate examples of the development of PCI failure avoidance 
procedures based on inner surface cladding hoop stress. While these two approaches 
differ in some of the details, they share a common limitation, namely, that they cannot 
segregate failures from non-failures above the best-estimate stress threshold. Although 
both approaches have shown some improvements over older empirically-based 
approaches, their implementation requires imposing operational constraints that can still 
be overly conservative. 
 
Regarding the latter approach, EPRI’s FALCON fuel performance code contains a fuel 
failure assessment capability applicable to PCI that is based on an adaptation of the 
cumulative damage concept coupled with a local cladding stress evaluation. The 
cumulative damage index is tailored specifically for the SCC mechanism and represents a 
figure of merit that essentially describes cladding vulnerability to failure as a history-
dependent phenomenon.  This paper presents an evaluation of results from both the 
threshold stress and cumulative damage methods for limiting PCI-induced fuel rod 
failures.  
 
2. Cumulative Damage Material Model 
 
SCC data for Zr-2 and Zr-4 cladding have existed for almost three decades, [Roberts et 
al. 1979], [Brunisholz and Lemaignan 1987].  With more recent data becoming available, 
[Fandeur et al. 2000], [Boulch et al. 2004], increased utilization of an SCC-based failure 



analysis methodology is becoming more justifiable. Such data has for many years been 
formally utilized in FALCON in the form of a cumulative damage model, which 
computes relative damage by SCC as follows, 
 
  ∫= tdtD / ,      (1) 
 
Where D is the damage fraction, t is time and t is the time to failure in a material 
experiment conducted under SCC conditions. Equation (1) applies to a single continuous 
power event during a power cycle, such as a power ramp followed by power hold, but is 
not carried from power cycle to power cycle.  D is calculated incrementally as: 
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Where, it  is the value of t  for the stress and material conditions in the time step it∆ .  
 
Experience with the SCC damage parameter D, as defined above, indicates logarithmic 
behavior of D with stress. This provides a definable, probabilistic relationship between 
computed damage index values and fuel rod failure probability.    
 
 
Results/Observations 
 
Two methodologies were implemented using FALCON as the basis for development of 
operational constraints to limit or mitigate PCI fuel rod failures. The first is the more 
traditional approach of defining the probability of fuel rod failure by comparison to a 
threshold stress level developed from power ramps tests. The second is to base the fuel 
rod failure probability assessment on a figure of merit. In this case, that figure of merit is 
defined as the cumulative damage index, a parameter that takes into account the intensity 
and time history of the local hoop stress induced by the power history a fuel rod 
experiences. The effects on operational recommendations for both methods are evaluated 
and summarized. 
 
An extensive database of ramp test rods was used to develop the cladding stress threshold 
and critical cumulative damage index for PCI failure.  Both PWR and BWR rod segments 
from commercial reactor fuel were included in the database from ramp test programs 
conducted as Studsvik, Halden, and others. The verification and validation process found 
that use of a stress threshold within FALCON was unable to adequately distinguish 
between failed and non-failed rods.  As a result, use of this method requires a lower 
bound stress value in consideration of the larger uncertainty.  On the other hand, the 
cumulative damage index approach provided an improved ability to segregate the failures 
from the non-failures in PWR fuel.  These results highlight the analytical capabilities of 
FALCON to evaluate PCI failure in LWR fuel.  Using a proven predictive method to 
evaluate PCI failure potential can provide opportunities to develop newer fuel design or 
operating strategies to mitigate PCI failure during normal and off-normal operation. 
 



 
Conclusions 
 
As the industry moves toward the goal of eliminating PCI failures, the enhancement of 
analytical capabilities, such as those noted above, will help develop regions of success for 
reactor operations, including optimization of startup ramp rates and general power 
maneuvers, as well as introduce the ability to implement new design changes and 
improve operational flexibility and plant capacity factors. 
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Abstract 

 
The behaviour of advanced cladding materials under challenging conditions 
needs to be fully characterized and understood. The Studsvik Cladding 
Integrity Project (SCIP) is aimed at studying the dominant failure mechanisms 
of LWR cladding under pellet-clad mechanical interaction loadings (i.e., pellet-
cladding interaction, PCI; hydride embrittlement, HE; and delayed hydride 
cracking, DHC). Besides the experimental work, analytical activities have been 
launched within the project, both to support test interpretation and to validate 
the available models against the experimental data base obtained. 
 
This paper summarizes the main outcomes resulting from a recent code 
benchmark exercise set up under the frame of the SCIP project. Further than 
assisting test interpretation, the main objective was to check the code 
capability to model ramp scenarios. Nonetheless, as the fuel rods had been 
previously irradiated in commercial reactors up to high burn-up values and 
subsequently characterized experimentally, the code results for the base 
irradiation period were also examined.   
 
The comparison exercise was structured in two steps: a preliminary phase, 
devoted to tune the code to the experimental scenarios; and, the true 
benchmark phase. Each of them consisted in the modelling of four ramp tests 
dealing with at least three type of cladding materials and denoted by the 
rodlets names: KKL-4, M5-H1, Z2 and Z3 in the former, and KKL-1, M5-H2, O2 
and Z4 in the latter. Both the tests specifications (i.e., rodlet design data, in-
reactor power history, power profiles, etc.) and the guidelines for reporting 
the results were defined. 
 
Four codes have been used: ALCYONE v1.1, FALCON-PSI, FRAPCON-3 v3.3 
and STAV7.3. A set of hypotheses and approximations were made in each of 
the codes regarding both the boundary conditions (i.e., power histories, inlet 
coolant temperature, refabrication, etc.) and the fuel and clad modelling (i.e., 
densification, rim porosity, materials properties, etc.). Their predictions have 
been compared to data in terms of cladding oxidation, diameters and 
elongation. Predictability of clad oxidation was certainly scattered and while  
some codes showed reasonable accuracy, other results were notably deviated. 
As for diameters, most of the codes were capable of qualitatively capturing 
the axial profile , and showed consistency between diameters and hoop stress 
and strain predictions. Elongation estimates were generally poor, and were 
rather far from measurements in most cases (even the trends observed were 
just vaguely followed by the codes). 
 
Additionally, some other variables (i.e., fuel temperature, contact pressure, 
hoop and axial stresses, etc.) were code-to-code compared and some 
systematic tendencies of specific codes were noted. 
 



In summary, the benchmark has highlighted some drawbacks of current 
mechanical modelling and areas where further model development is 
necessary have been identified, both generally and in specific codes. An 
improved code performance would mean a more effective use of analysis as a 
tool to understand rod failure mechanisms.   
 
This benchmark was coordinated by CIEMAT under the sponsorship of the 
Nuclear Regulatory Body of Spain (CSN). 
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For the first time, fuel rods of AREVA NP’s ATRIUM™10 design with Fe-enhanced Zr liner 
cladding underwent power transient tests. According to AREVA NP’s standard design the Zr 
sponge liner contained 0.4 % Fe to improve its corrosion resistance and reduce secondary 
cladding degradation in the case of rod failure. Those tests were the first commercial ones 
performed at IFE in Halden, Norway, after the shut-down of the Studsvik ramp test facility.  

The ramp tests are part of a detailed investigation program which was launched many years 
ago comprising pool measurements, hot cell post-irradiation examinations (PIE) and power 
ramp testing at different burnup levels in the frame of a joint program between VGB 
Powertech Service GmbH and AREVA NP GmbH. Whereas the first tests were performed on 
9x9 rods after 2 and 5 cycles corresponding to about 25 and 50 MWd/kgU, in this paper PIE 
results as well as power ramp test results of 10x10 rods at a local burnup of 65 MWd/kgU 
after 5 annual cycles are presented. 

The investigated fuel rods reached an average rod burnup of 58 MWd/kgU. A final pool 
examination campaign and hot cell investigations showed that the fuel rods are in a very 
good condition after irradiation. The corrosion behavior of the LTP (low temperature process) 
base material of the cladding was excellent. The hydrogen content was determined by hot 
extraction. A value of only 50 ppm was found. Special emphasis was given to shadow 
corrosion phenomena due to the fact the fuel assembly design had all-Alloy 718 spacer 
grids. In vicinity to a spacer spring the nodule density increased and the nature of the oxide 
scale transferred to a thick uniform oxide layer of nearly 100 µm. But, shadow corrosion was 
not pronounced compared to bimetallic spacer grids. In spite of the enhanced corrosion the 
hydrogen pickup fraction remained very low with 6 % and unchanged compared to the mid-
span region. The relative fission gas release was low with values of the order of 4 %. The 
microstructure of the fuel was studied by ceramographic evaluations 

Six rodlets were refabricated out of two fuel rods for power ramp testing. Each of them 
contained a fuel stack about 325 mm long and was filled with a gas having the same 
composition as the gas extracted from the corresponding long fuel rod. The rodlet burnup is 
in the range of 64 to 66 MWd/kgU. These rodlets were subjected to power transients in the 
Halden Boiling Water Reactor (HBWR) in cooperation between Studsvik Nuclear AB, 
Nyköping/Sweden, and Institutt for Energiteknikk (IFE), Halden/Norway. The first five tests 
were single step ramps. After conditioning at a low power level corresponding to the end of 
life power level of the base irradiation, the power was increased with a high rate of 70-
100 W/(cm·min) up to the desired ramp terminal power level. The power was maintained at 
that level for 12 hours. The last ramp was a staircase ramp with two intermediate steps. The 
ramp rate was the same as for the single step ramps. The holding time at each step was 
6 hours.  

The results of the power ramp tests are as follows: 

• The PCI defect threshold remains constant from 50 MWd/kgU to 65 MWd/kgU 
burnup.  

• All rodlets survived the single step ramps. The highest ramp terminal power was 
421 W/cm and the maximum power step 280 W/cm. 



 

   

• The last rodlet was subjected to a maximum ramp terminal power of 450 W/cm in 
three steps. The entire power step was nearly 310 W/cm. After completing the last 
holding time the rodlet released activity and a small defect was observed by eddy 
current measurement only. 

Detailed hot cell examinations were performed on the ramped rodlets. They included non-
destructive tests like visual inspection, gamma-scanning, and EC-test as well as destructive 
tests like fission gas analysis, metallography and ceramography. Metallographic 
examinations showed that the primary failure mechanism was stress corrosion cracking 
caused by pellet cladding interaction (PCI). A small missing pellet surface defect at the 
cladding crack position and with size below the quality control acceptance limit had no 
significant influence on the PCI behavior.  

After base irradiation, there was no gap left between pellet and cladding, and therefore pellet 
thermal expansion and gaseous swelling have led to significant cladding diameter changes 
during the power ramp and the following holding time. Those diameter changes are in good 
agreement with the results of previous tests. 

The recent power transient tests have shown that AREVA NP’s Fe-enhanced Zr liner 
cladding can withstand high power steps even at a burnup of 65 MWd/kgU. The power 
threshold for this cladding type is not reduced at high burnup. This result provides the 
experimental basis for deriving higher flexibility in fuel management and operation.  
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1. Introduction 
 
An important issue in fuel performance and safety evaluations is the characterization of the 
effects of hydrides on cladding mechanical response and failure behavior. The hydride structure 
formed during power operation transforms the cladding into a complex multi-material composite, 
with through-thickness concentration profile that causes cladding ductility to vary by more than 
an order of magnitude between ID and OD. However, current practice of mechanical property 
testing treats the cladding as a homogeneous material characterized by a single stress-strain 
curve, regardless of its hydride morphology. Consequently, as irradiation conditions and 
hydrides evolution change, new material property testing is required, which results in a state of 
continuous need for valid material property data. 
 
A recently developed constitutive model, treats the cladding as a multi-material composite in 
which the metal and the hydride platelets are treated as separate material phases with their own 
elastic-plastic and fracture properties and interacting at their interfaces with appropriate 
constraint conditions between them to ensure strain and stress compatibility. An essential 
feature of the model is a multi-phase damage formulation that models the complex interaction 
between the hydride phases and the metal matrix and the coupled effect of radial and 
circumferential hydrides on cladding stress-strain response.  This gives the model the capability 
of directly predicting cladding failure progression during the loading event and, as such, 
provides a unique tool for constructing failure criteria analytically where none could be 
developed by conventional material testing. Implementation of the model in a fuel behavior code 
provides the capability to predict in-reactor operational failures due to PCI or missing pellet 
surfaces (MPS) without having to rely on failure criteria. Even, a stronger motivation for use of 
the model is in the transportation accidents analysis of spent fuel following dry storage, for 
which the development of valid failure criteria would require major efforts. 
 
2. Cladding as a Three-Phase Composite with Constitutively Modeled Damage 
 
In a three-phase composite, there are two distinct damage mechanisms represented in the 
model: in the first, strain normal to the platelets results in a progressive loss of stress-carrying 
capacity in both the matrix and the platelet phases, on the plane of the platelets. In the second 
damage mechanism, the degree of damage associated with one hydride orientation is 
dependent upon the amount of hydrides in the other, perpendicular orientation.  This introduces 
coupling between the radial and circumferential hydrides that depends on the relative volume 
fraction of each.  This coupled inter-dependence of damage is mathematically formulated as a 
continuous process assuming both hydride orientations to be always present, even if one of the 
hydride phases has zero volume-fraction.  This mathematical construct allows the evolution of 
damage to gradually shift from one phase orientation to another, and the magnitude of this shift 
would depend on the relative volume fraction of each phase. 
 
Figure 1 depicts circumferential and radial hydride platelets, shown in dark and light gray color, 
embedded in a Zircaloy matrix shown in dark and light blue color.  The dark colors, gray or blue, 
indicate undamaged material, while the lighter gray color in the hydride platelet indicates the 

mailto:joe@anatech.com
mailto:mmrashid@ucdavis.edu
mailto:AMACHIEL@epri.com


 

fraction of the platelet that has been damaged (cracked).  The matrix material in light color 
surrounding the hydride platelets indicates the Zircaloy material that has been influenced by the 
cracking in the hydrides, and is a measure of the damage volume fraction for the matrix phase.  
Figure 1 contains ten interacting material domains, four matrix domains M1 to M4 and six 
platelet domains P1 to P6.  Each of these domains is modeled using the flow theory of plasticity, 
with properties suitable for the material phase (hydride or Zircaloy).  
 

 
Figure 1 – Schematic Illustration of Damage Evolution in a Three-Phase Material 
 
3. Model Predictions and Comparison to Data 
 
The model is applied to the analysis of a cladding specimen irradiated to an average hydrogen 
concentration of 206 ppm and pressure tested at 25°C. The model prediction of the stress-strain 
response and comparison to data are depicted in Figures 2. 

  
Figure 2 – Failure Modeling of Cladding with Circumferential Hydrides 
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The second example is a hydrided cladding specimen with uniform distribution of circumferential 
hydrides, subjected to radial hydride treatment by cooling from 300°C under a hoop stress of 
225 MPa. Figure 3 shows the model predictions compared to data. The axial behavior is shown 
on the top half of the figure, and reflects the effects of the circumferential hydrides; the bottom 
half of the figure shows the hoop response which is highly dependent on radial hydrides. The 
measured stress-strain response is not available, but the total elongation data are ~17.5% in the 
axial direction and ~1.5% in the hoop direction, which illustrates the strong effect of radial 
hydrides.    
 
 

 
 
 
Figure 3 – Failure Modeling of Hydrided Cladding with Mixed Hydride Structure 
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TRACK 2 

 
 
This paper is concerned with the modeling of fuel 
behaviour and of Pellet Cladding Mechanical Interaction 
(PCMI) in Light Water Reactors (LWR). Failures due to 
Pellet-Cladding Interaction (PCI), as discovered in the 
early 1970’s, can be avoided in Light Water Reactors 
(LWRs) thanks to optimized plant operational procedures 
and fuel management schemes. However, research and 
development programs on this topic are still undertaken 
worldwide in order to improve the understanding of the 
mechanisms possibly leading to PCMI failure.  

To model PCMI in LWRs, two distinct fuel codes 
called METEOR [1] and TOUTATIS [2] have been 
developed at the Atomic Energy Commission (CEA) 
during the last two decades. METEOR is based on a one-
dimensional axi-symmetric description of the radial 
dimension of the fuel element, associated to a discrete 
axial decomposition of the fuel rod in stacked independent 
fuel “slices”. The one-dimensional METEOR code is used 
to assess the global geometrical changes of the fuel rod 
during irradiation and to estimate the quantity of fission 
gases generated by irradiation, up to high burn-up levels. 
However, it is not sufficient to estimate precisely the local 
stresses in the cladding resulting from PCMI. Only a more 
detailed description of the thermo-mechanical behaviour of 
the fuel pellet and of the cladding, based on 2D or 3D 
Finite Element analyses can provide detailed informations 
on this point. This has prompted the development of the 
fuel application TOUTATIS [2] which is based on the 
finite element code CAST3M. Recently, in order to benefit 
simultaneously of the chemo-physical models available in 
the METEOR application and of the detailed thermo-
mechanical description of the fuel pellet proposed in the 
TOUTATIS code, the multi-dimensional PWR fuel 
application ALCYONE [3] has been developed in the 
framework of the PLEIADES [4] environment. Of 
particular interest in this study, the fission gas models of 

the METEOR 1D code have been recently introduced in 
ALCYONE and a specific iterative loop developed to 
couple fission gas swelling (which depends on the 
hydrostatic pressure) to the thermo-mechanical solution of 
the 2D and 3D problem (which depends on gas-induced 
swelling). The fission gas models account for intra-
granular bubbles growth, coalescence and migration, for 
inter-granular bubbles growth and migration, for gas 
transport in the porosity and for gas release in the plenum.   

 
The usefulness of 1D fuel codes relies on their ability to 
model correctly the experimental data available. Generally, 
they consist in profilometries after base irradiation and 
ramp tests, corrosion thickness after base irradiation, rod 
elongation, fission gas release and internal pressure. To 
assess the code ability to predict with reasonable accuracy 
the behaviour of fuel rods during base irradiation and 
power ramp testing, extensive databases are required. 
ALCYONE 1D predictions are validated on  experimental 
data concerning 80 base irradiations and 30 ramp tests 
performed on UO2-Zy4, UO2-M5® and MOX-Zy4 fuel 
rods with mean burn-ups up to 60 GWd/tU. While most of 
the models used in the simulations are usually based on 
laboratory tests independent of the experimental measures 
performed after irradiation in commercial or experimental 
reactors, a best-estimate of the fission gas swelling model 
parameters (mainly transport parameters between the 
different type of voids initially existing in the fuel pellet or 
formed during irradiation) must be deduced from the 1D 
simulations of the database. 

In this paper, the extension of the validation process to 2D 
and 3D analyses of a fuel pellet – cladding fragment with 
ALCYONE V1.1 is presented in details. First, the main 
aspects of the 1D, 2D and 3D schemes of ALCYONE, i.e., 
the geometry of the meshed fuel pellet fragment or fuel 
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rod, the boundary conditions, the loading applied to the 
pellet and the cladding, the thermo-mechanical coupling, 
the material laws used to describe fuel cracking and 
cladding creep-plasticity, the fission gas swelling model, 
the friction at the pellet-cladding interface are briefly 
recalled [5,6].  

Second, the application of the 2D and 3D schemes to a 
database consisting of 30 base irradiations and ramp tests 
performed on UO2-Zy4 and UO2-M5® with burn-ups up to 
45 GWd/tU is described. The ability of the 3D scheme to 
predict the behaviour of a single fuel pellet – cladding 
element situated at the maximum Linear Heat Rate (LHR) 
during ramp testing is demonstrated by comparing the 
following experimental and calculated data: residual clad 
diameter after base irradiation and ramp test, height of 
inter-pellet and mid-pellet ridges after base irradiation and 
ramp test, dish filling after ramp testing.  

Results obtained on the same database with the 2D scheme 
which models the mid-pellet plane of the 3D fragment 
(also at the maximum LHR) are then presented. It is shown 
that the calculated diameter increases during ramp test are 
very close to those obtained with the 1D scheme but 
usually greater than the 3D estimates at inter-pellet level in 
spite of the fact that the 1D, 2D and 3D schemes share the 
same fission gas swelling model. The reasons for these 
differences are then discussed in the paper. It is shown that 
the hydrostatic pressure state in the pellet during ramp 
testing is notably different between the inter-pellet and 
mid-pellet planes because of dish filling and that a model 
tuned on the mid-pellet behaviour might not be adequate to 
model the phenomena occurring at inter-pellet level. 

M5 is a trademark of AREVA NP. 
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Abstract 
 

In order to survey the supplier’s fuel rod design studies, to establish the operation technical 
specifications, to perform safety studies for new fuel management and to define the fuel initial 
conditions of accidental situations, EDF needs a reliable code to simulate the PWR thermo-
mechanical fuel behaviour. CYRANO3 is the actual computer code developed and used by EDF to 
perform all these calculations1-2. It has to be able to simulate a large range of fuel rods: pellets can 
be made of UO2, MOX, UO2+Gd2O3, or UO2 + additives, with a surrounding cladding made of 
Zircaloy 4, M5, Zirlo…. Within the PWR safety studies framework, the verification of the fuel 
safety criteria, the integrity of the fuel rod (first safety barrier) has to be guaranteed in any class I 
and II operating conditions. Furthermore, in a strongly competitive environment, the industrial fuel 
behaviour modelling code CYRANO3 has to be updated continuously to challenge the licensing 
requirements resulting from the new fuel managements and to optimise plant operating strategies 
independently of the fuel suppliers. The validation of the code is then supported by a large database 
of measurements providing by EDF fuel suppliers commercial rods irradiated during survey 
programmes in French and international PWR as well as rods irradiated in CEA experimental 
reactors or within international programmes. This database has to cover the entire materials and 
loadings range and so each code evolution requires to performing a large number of calculations. 
Even if the processing time cost is quite short (up to 30 minutes for high burnup simulations), about 
3 days are necessary to perform a complete validation of a CYRANO3 version. From a R&D point 
of view, if calculations time wasn’t act as a break upon calculation number, a systematic run of the 
entire database could be operated in relation with a model updating, and multi-parameters 
calibration of a model could be more largely envisaged within a parametric study framework. The 
use of a reference version of CYRANO3 for industrial studies can also be restricted by calculation 
time cost since CYRANO3 has to allow performing several thousand fuel rods calculations 
simultaneously, corresponding to 1/8 of the core, and this number is directly multiply by various 
input parameters or loadings.  
That’s the reason why EDF is more and more interesting in new solutions which allow to expanding 
the limits imposed by calculation time. 
IBM offers an innovative high performance computing solution through its IBM Blue Gene/P 
system. The IBM Blue Gene/P is a massively parallel platform built around high density racks of 
PowerPC 450 chips, with low-consumption 850 MHz frequency. Each processor is squeezed onto a 
single socket Compute Card along with 2 GB RAM and network connectors. Compute Cards are 
grouped into packages of 32 units, called Node Cards. Each rack stacks 32 Node Cards, i.e. 1024 



physical processors, i.e. 4096 physical cores. Compute Cards handle user application processing on 
top of a very lightweight Linux-compatible Kernel, the Compute Node Kernel (CNK). 
EDF R&D current Blue Gene/P configuration, named “Frontier 2”, is made of 8 computation racks  
served by a 500 TB shared, high-performance filesystem. It is ranked 24th most powerful 
supercomputer in the world, according to the latest TOP500 list issue from November 2008. It is 
hosted in the IBM facilities in Montpellier, France. 
As a massively parallel architecture, the Blue Gene/P platform is specifically dedicated to highly 
scalable parallel applications that are able to take advantage of tens of thousands of processing 
cores. However, it also offers a specific execution mode named High Throughput Computing 
(HTC) designed to address the growing need for massive serial, concurrent executions. In HTC 
mode, the serial jobs are submitted concurrently on every physical core inside the partition, running 
independently “in parallel” but with no inter-communication between the processes, the submission 
being handled by an HTC-specific scheduler. The HTC feature, taking advantage of the high-
density design of the Blue Gene/P system, would allow performing up to 32768 CYRANO3 
concurrent executions on the “Frontier 2” platform, thus minimizing the overall time to perform 
whole simulation campaigns. 
It is worth mentioning that the effort to port the CYRANO3 code - originally developed for Linux 
cluster environments - onto the Blue Gene/P platform has been quite acceptable despite the 
complexity of the code mixing Fortran 77, C and C++. The compatibility to Linux standards and the 
existence of a Blue Gene/P variant of the well-known IBM XL compilers family tend to make it 
fairly straightforward to port onto the Blue Gene/P platform. One of the main obstacles indeed 
comes from the physical memory limitation to 512 MB RAM per core that needs to be taken care 
of, and might require some adjustments to be made to the code to ensure its run-time consumption 
fits into this range. 
 
 
 
 
 
 
[1] B. Therache, P. Thevenin, “EDF experience feedback and Research & Development contributions to the update of 
the fuel performance code CYRANO3 to challenge the high burnup licensing requirements”, Topfuel meeting, 
Salamanque (October 2006) 
 
[2] N.Cayet, D.Baron, S.Beguin, “CYRANO3, EDF’s Fuel Rod Behavior code: Presentation and Overview of its 
qualification on HRP and various other Experiments”, Enlarged Halden Reactor Project Meeting, Lillehammer, 
Norway, March 16-20 1998 
 
[3] D. Baron et al., “CYRANO3: the EDF Fuel Performance code especially designed for engineering applications”, 
Topfuel meeting , Seoul,  Korea (October 2008) 



Behavior of LWR/MOX Fuels under Reactivity-Initiated Accident Conditions 
 

Toyoshi FUKETA, Tomoyuki SUGIYAMA, Miki UMEDA, 
Hideo SASAJIMA and Fumihisa NAGASE 

Nuclear Safety Research Center, Japan Atomic Energy Agency 
Tokai-mura, Ibaraki-ken,319-1195, Japan 

Phone: +81 29 282 5277, Facsimile: +81 29 282 5429, E-mail: fuketa.toyoshi@jaea.go.jp 
 
Utilization of MOX fuels in power-producing light water reactors (LWRs) in Japan is now 
firmly scheduled, although it is behind its originally aimed time. The Nuclear and Industrial 
Safety Agency in Ministry of Economy, Trade and Industry (METI/NISA) licensed the MOX 
fuel loading up to one-fourth of their cores in four PWRs (Takahama Units 3 and 4, Genkai 
Unit 3, and Ikata Unit3) and that up to one-third in four BWRs (Fukushima-First Unit 3, 
Kashiwazaki-Kariwa Unit 3, Hamaoka Unit 4, Shimane Unit 2), and the Nuclear Safety 
Commission (NSC) of Japan reviewed those licensing. In this situation, safety of the MOX 
utilization in LWRs is one of primary concerns in the country. 
 
In order to provide a data base for the regulatory guide of power-producing light water 
reactors (LWRs) and to proceed in the processes with a better understanding, behavior of 
LWR fuels during reactivity-initiated accident (RIA) is being studied with pulse-irradiation 
experiments in the Nuclear Safety Research Reactor (NSRR) of the Japan Atomic Energy 
Agency (JAEA). To subject LWR/MOX fuels to the experiments, JAEA shipped high burnup 
MOX fuels from the Beznau NPP in Switzerland to JAEA-Tokai. 
 
The tests BZ-1 and BZ-2 were performed on 14x14 PWR-MOX fuel rods with Zircaloy-4 
cladding, which were irradiated in the Beznau NPP. The differences in test conditions 
between the two tests are the pellet producing process, fuel burnup, oxide thickness and the 
peak fuel enthalpy to be reached in case of non-failure. The BZ-1 test fuel rod contained 
pellets produced with the Short Binderless Route (SBR) process. The local burnup was 48 
GWd/t. The cladding oxide thickness was approximately 30 µm and the hydrogen content was 
evaluated as 340 ppm. On the other hand, the pellets of the BZ-2 test fuel rod were produced 
with the Micronized Master blend (MIMAS) process. The local burnup was 59 GWd/t. The 
cladding oxide thickness was about 20 µm and the hydrogen content was 160 ppm. As the 
BZ-2 test fuel rod was sampled from a lower elevation in the original rod, the oxide thickness 
and hydrogen content were smaller than those of BZ-1 despite of higher burnup. Both the two 
BZ tests were conducted with a reactivity insertion of $4.6 and with coolant at ~20 ºC and 
~0.1 MPa. The peak fuel enthalpies were 672 and 577 J/g, respectively. The peak enthalpy in 



test BZ-1 was higher than in BZ-2, because of larger amount of residual fissile in the fuel due 
to the lower burnup. 
 
The two tests resulted in PCMI failure at fuel enthalpies of 310 and 489 J/g, respectively. A 
long axial clack was generated and fragmented pellets were found in the capsule water. The 
cladding temperature at failure was ~30 ºC in BZ-1 and ~65 ºC in BZ-2. The higher 
temperature in test BZ-2 might correlate with that the fuel rod sustained up to the higher 
enthalpy, but even 65 ºC is low enough to neglect the temperature effect on the cladding 
mechanical properties or on hydrogen reorientation in the cladding periphery. 
 
Since the amount of fission gas, which is accumulated in the grain boundaries during the 
irradiation in a power reactor, is generally larger in MOX fuels than in UO2 fuels, the MOX 
fuel rods could have an additional mechanical load on the cladding due to the higher fission 
gas release (FGR) under RIA conditions. In addition, the difference in MOX fabrication 
process could cause a different result. However, the data agreement between MOX and UO2 
suggests that any effect due to high burnup MOX did not arise at the present burnup. Once the 
absence of high burnup MOX effect was confirmed, two more things can be suggested 
regarding the present MOX fuels; the failure limit of MOX fuels would, as well as of UO2 
fuels, be more correlated with the oxide thickness than with the fuel burnup, and there is no 
difference in pellet thermal expansion among UO2, SBR-MOX and MIMAS-MOX. Therefore, 
the PCMI failure threshold for UO2 fuels is applicable to MOX fuels up to 59 GWd/t at least. 
 
Subsequently to the above-mentioned BZ-2 test, a sibling rod was subjected to the NSRR 
experiment at high temperature by using newly developed capsule. The result from this test 
BZ-3 will be described and discussed in the paper, but any cannot be disclosed here at present. 
 
In addition to the results from the three tests with MOX fuels shipped from Beznau NPP, the 
paper also described results from previously performed NSRR tests, including experiments 
with ATR/MOX fuels. Utilization of MOX fuel in Japan started in ATR (Advanced Thermal 
Reactor) Fugen in 1978, and over 680 MOX fuel bundles had been loaded. In the NSRR, five 
RIA tests with ATR fuels had been performed. Up to peak fuel enthalpy of ~590 J/g, fuel 
failure did not occur in the tests. In the ATR fuel up to burnup of 20 GWd/t with pre-pulse 
pellet/cladding gap of about 80 pm, PCMI (pellet/cladding mechanical interaction) occurred 
at peak fuel enthalpy of 460 J/g or higher. In the tests with the ATR rods, any significant 
MOX-effects did not appear. 
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Abstract 
 

Out of the Reactivity-Initiated-Accident-simulating pulse irradiation experiments 
conducted in the NSRR, two cases with high burnup PWR fuels, which resulted in rod failure, 
are analyzed by using the RANNS code. The one experiment was performed in a stagnant 
coolant water of room temperature (RT) and atmospheric pressure, and the other in high 
temperature (HT), high pressure stagnant coolant.  

In the present study, behavior in a fast transient of the fuels is investigated by comparing the 
two experiments. Specifically, the temperature of rod, pellet-clad mechanical interaction 
(PCMI), and stress/strain of cladding etc. are calculated by using the code and the results are 
discussed in comparison with the experimental observations.  

As the first step of the numerical analysis, fission gas release rate, dimensional changes of 
cladding, water-side oxide layer growth of the fuel rod induced during the base-irradiation in 
the PWR were calculated as the initial conditions preceding the NSRR experiment by the fuel 
performance code FEAMXI-6 to reproduce the PIE results at EOL by adjusting model 
parameters. In addition, the radial profile of power generation density was calculated as a 
function of average burnup. The RANNS code analysis was performed with these initial 
conditions to obtain the temperatures and stress/strain of pellet and cladding, etc. in the two 
experiments.   

In the two codes, calculation is based on one-dimensional cylindrical geometry, where 
pellet stack and cladding of one axial segment are divided into several coaxial ring elements, 
and coupled solution of thermal analysis and finite-element mechanical analysis is obtained in 
every time step to simulate the PCMI and elasto-plastic deformation of pellet and cladding. The 
analytical results are discussed with referring to the metallographic observations on the failed 
part of cladding.  

For both the rods, the thermal analysis of RANNS indicates that temperature of cladding 
outer region, in which incipient cracks would be generated and grow, does not markedly rise 
above the initial temperature until the observed failure instant. In other words, at the very initial 
stage of transient, the thermal insulating effect of thick oxide layer at the cladding outer surface 
is insignificant. The mechanical analysis shows that the cladding is as a whole subjected to a 
bi-axial stress state due to a strong PCMI induced by pellet thermal expansion upon pulse 
power.  
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Considering these features, the results of thermal and mechanical analyses are discussed 
with major focus being put around the onset condition of cladding failure. 

In the failed cladding cross section of the RT test rod, one of the incipient cracks grew in the 
embrittled region the temperature of which is estimated as 30-60C by the calculation, and 
finally failure occurred by a macroscopic shear gliding of the inner metal wall. The observed 
failure instant comes closely after the calculated PCMI stress reaches its peak value, implying 
that the cladding failed around the peak of tensile stress. The calculated plastic strain of 
cladding at failure is about 0.25%. It is to be noted here that this strain is a “circumferentially 
averaged” value. Actually in the experiment, the cladding broke at one location of 
circumference, so that the plastic strain was substantially concentrated in this location and its 
neighboring area. The residual (plastic) strain at and around the failure location of 
circumference is estimated from the metallography of the cladding cross section to be several 
percent, which reasonably coincides the calculated value if the local strain is averaged over the 
total circumference. 

In the failed cladding cross section of the HT test rod, several incipient cracks penetrated 
the hydride rim and were arrested at the depth. From a tip of one of these cracks a failure 
occurred by the macroscopic shear gliding. The observed failure instant comes somewhat 
behind the calculated peaking of PCMI stress, suggesting that the cladding could survive the 
peak tensile stress owing to the residual ductility of the metal substrate under the hydride rim 
depth at around 300C and some amount of plastic strain was generated which is larger than that 
of the RT cladding. As a result, the calculated plastic strain of cladding at failure is 0.4 - 0.6%. 
Also, this local plastic strain, if averaged over the total circumference, reasonably coincides the 
calculated value. 
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When a LWR UO2 fuel is subjected to reactivity initiated accident (RIA) conditions, fuel 
rod integrity depends on many factors such as fission gas release, cladding state, 
enthalpy increase, and so on. Fission gas release during RIA conditions is especially 
important in that cladding failure depends on the loading from irradiated fuel which can 
be significantly enhanced by the fission gas release. For example, there is the 
evidence that transient fission gas release resulting from the close to adiabatic heating 
introduces a new explosive mechanism which may lead to clad rupture. Therefore, 
modeling of fission gas release during a RIA event is required so that it can be used for 
analyzing fuel rod safety under accident conditions.  
 
The fission gas release under RIA conditions would depend on both initial conditions of 
fuel rod (average burnup and burnup distribution, width of high burnup structure, and 
gap size just before RIA) and RIA test conditions (pulse width, enthalpy increase, total 
enthalpy, temperature distribution in fuel rod, and hydrostatic pressure). According to 
the results obtained in CABRI, NSRR, and other tests, it was found out that there are 
some major parameters which dominantly affect gas release during a RIA event – 
burnup, pulse half width, enthalpy increase. For example, it is generally agreed that, for 
other conditions are being the same, fission gas release increases with burnup and fuel 
enthalpy level. However, it should be noted that other factors, which might be considered 
not so important, could also have significant effect on gas release depending on the 
fuel and RIA conditions.   
    
Several analytical attempts have been made so far to develop fission gas release 
model for RIA considering experimental results. However, mechanistic approaches to 
correlate observed fission gas release with both fuel and accident conditions including 
fuel burnup, peak rim temperature, pulse half width, and fuel enthalpy level have not 
been so successful partly because the number of gas release data points is small and 
the number of factors that should be considered is rather large. It would be therefore 



very complex and difficult to treat all these parameters mechanistically, considering 
limited number of data and the RIA test conditions that are different from that of typical 
LWRs.  
 
In this paper, rather than trying to develop an analytical model based on mechanistic 
approach, another method called an artificial neural network (ANN) is used. The ANN, 
often just called a neural network, is a mathematical or a computational model based on 
biological neural networks. In more practical terms, neural networks are non-linear 
statistical data modeling tools. They can be used to model complex relationships 
between inputs and outputs or to find patterns in data. 
  
A model based on ANN is proposed which predicts the fission gas release under a RIA 
event as a function of parameters that are related to both fuel conditions just before 
RIA occurs and RIA accident conditions itself; some of which are fuel average burnup, 
width of high burnup structure, fission gas release during base irradiation, pulse width, 
peak fuel enthalpy, and enthalpy increase. Based on the fission gas release data for 
RIA available in open literature, half of them will be used to find the pattern by which 
each parameter has an effect on the gas release. Then according to the pattern 
revealed by the ANN model, the other half will be used to check how well the model 
predicts the measured value. In addition, sensitivity study will be performed for each 
parameter to reveal which one would have a dominant effect on gas release during a 
RIA event. 
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Abstract 
 

A series of pulse irradiation tests, which simulated reactivity-initiated accidents (RIAs), were performed on high burnup 

light water reactor fuels at high temperature (HT) in the Nuclear Safety Research Reactor (NSRR). 

The NSRR tests with high burnup fuels have provided data of the fuel failure limit against the pellet-cladding 

mechanical interaction (PCMI) under RIA conditions, where the failure limit is quantified as the fuel enthalpy increase until 

the cladding failure. The failure limit depends on the cladding mechanical properties which are functions of cladding 

hydrogen content, cladding temperature and so on. Regarding the temperature condition, the previous NSRR experiments 

have been conducted at room temperature (RT) of ~20 ºC. Therefore, the obtained failure limits are suitable for the cold zero 

power condition, but could be very conservative for RIAs at hot zero power or at operation. In order to investigate the 

possible effect of initial coolant temperature on the PCMI failure limit, the NSRR HT test was launched using a newly 

developed test capsule, which can achieve coolant temperature up to ~290 degrees C at the corresponding saturation pressure 

of ~7 MPa. 

Three types of fuels were subjected to the tests; PWR fuel rods with ZIRLO cladding at a burnup of 71 GWd/t and with 

MDA cladding at 77 GWd/t, both of which were irradiated at the Vandellos 2 in Spain, and a BWR fuel rod with Zircaloy-2 

(LK3) cladding, which was irradiated up to 69 GWd/t at the Leibstadt in Switzerland. For each fuel, two test rods were 

fabricated from an identical fuel segment to be used for the HT and RT tests. 

All the RT tests with the three fuels resulted in the PCMI failure at a similar level of fuel enthalpy, around 60 cal/g. 

Metallographs of the failed claddings showed that the hydride precipitates at the cladding periphery, so-called hydride rim, 

played an important role of inducing cladding radial cracks which caused the stress concentration at crack tips and the 

consequent ductile fracture of the cladding. In each of the three HT tests the maximum increase of fuel enthalpy was set to be 

higher than the fuel enthalpy at failure in the corresponding RT test, and one HT test resulted in the PCMI failure. These 

results showed that the PCMI failure limit would be higher at HT than at RT. Comparison of the metallographs of failed 

claddings in the RT and HT tests indicated that the depth of the incipient crack at the cladding periphery was similar, and that 

the increased cladding ductility raised the failure limit in the HT test. Hence, the PCMI failure criterion based on the NSRR 

RT data has more than adequate safety margin for RIAs at hot zero power or at operation. 

Regarding transient fuel behavior such as cladding deformation and so on, comparisons between the HT and RT tests 

provided worthy information for development or verification of the fuel behavior models and computer codes. 
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1. Regulatory and historical background 

The rod ejection accident (REA) is the reference event for reactivity initiated accidents (RIAs). 
According to the French Nuclear Safety guidelines, it is considered as a 4th category event, i. e. an 
accidental situation. The related safety requirements are : 

i) to assess the integrity of the 2nd containment barrier (the core vessel),  

ii) ii) to maintain a coolable geometry of the core, and  

iii) iii) to limit the dispersal of radioactive material in the environment.  

A rod cladding failure limit is a useful decoupling criterion, because it automatically allows to fulfill 
requirements i) and ii) above, and permits to quantify the number of failed rods during an RIA 
transient, and thus the quantity of radioactive material which is potentially dispersed into the coolant. 

2. Scope of the paper 

The paper is devoted to the description of a cladding failure criterion designed to preclude rod 
destruction by the mechanisms of oxidation/embrittlement (which are predominant at low burnup) and 
pellet-cladding mechanical interaction (PCMI, which is predominant at medium or high burnup). Rod 
failure by ballooning and burst is not considered here. The failure limit described here is applicable to 
UO2 fuel rods with zircaloy-4 cladding. 

3. Rod failure by oxidation/embrittlement 

The limit for oxidation/embrittlement is based on old full-scale tests on as-received or low-burnup 
rods (PBF, SPERT, NSRR). Oxidation/embrittlement is precluded by limiting the averaged maximal 
enthalpy in the fuel column. A limitation to 170 cal/g is a very conservative bounding value for rod 
averaged burnups ranging from 0 to ∼ 30 GWd/tM. 

4. Rod failure by PCMI : CSED curve 

For medium or high burnups, PCMI becomes the predominant mechanism for cladding failure and 
thus, the strain energy density (SED) has been considered as the most relevant parameter to define the 
failure criterion, because it allows to take into account the initial stress/strain state of the rod cladding 
for at-power RIA transients. The cladding SED-to-failure is first defined on the basis of mechanical 
tests on cladding samples, and then transposed to the reactor situation by the means of stress biaxiality 
and strain rate factors. The experimental basis used to determine the CSED curve includes both hoop 
tensile tests on machined rings and biaxial burst tests on plain tubes. The SED-to-failure has been 
calculated for each test and the critical SED (CSED) curve has been defined as the lower bounding 
curve for all tests, as a function of the waterside corrosion level. Finally it is expressed as a function of 
rod average burnup by the means of a corrosion level vs. rod burnup bounding correlation. 

The robustness of the CSED curve has been a posteriori demonstrated by a comparison with the 
results of the interpretation of the CABRI REP-Na tests with the SCANAIR code : the only test which 
led to rod failure with a sound cladding (REP-Na7) exhibits a SED-to-failure higher than the CSED 
curve at the same burnup. 

 

5. Rod failure by PCMI : transposition of the CSED criterion 



In the next step, the CSED criterion is transposed in terms of deposited energy (∆H) in the fuel 
column, as a function of rod averaged burnup and initial power. First, a standard commercial 
UO2/zircaloy-4 rod design has been chosen and uncertainties on relevant design data have been 
considered. The rod is assumed to be irradiated with a bounding power history, up to a burnup of 62 
GWd/tM (mean F/A). During these calculations, uncertainties on relevant models implemented in the 
irradiation code (CYRANO3) are taken into account. Finally, an RIA power transient (pulse width = 
20 ms) is simulated with the SCANAIR code in the following configurations: 

i) rod averaged burnup : from 30 GWd/tM up to EOL (69 GWd/tM) ; 

ii) initial linear power : from 0 to 400 W/cm ; 

iii) all uncertainties taken into account (including the uncertainty on the cladding material 
constitutive law). 

For each burnup (and the corresponding CSED) and initial power level, many configurations have 
been tested and the lowest ∆H corresponding to the given CSED has been chosen. The analytical 
criterion is a decreasing function of both rod averaged burnup (between 30 and 69 GWd/tM) and 
initial linear power. At lower burnups (i. e. < 30 GWd/tM, a value of ∆H corresponding to Hmax = 
170 cal/g is considered in order to cover the whole burnup range and preclude the cladding failure by 
both oxidation and PCMI mechanisms. 

A similar transposition could be made with a criterion expressed in terms of maximum fuel enthalpy 
(Hmax) as a function of rod burnup. 

The robustness of the criterion is assessed by the elaboration of a bounding CSED curve and the 
demonstration of its robustness, the use of qualified simulation codes (CYRANO3 and SCANAIR), 
the consistency of the cladding material constitutive law between the two steps (SED calculation and 
∆H transposition) and the consideration of all sources of uncertainties (rod design data, base 
irradiation and RIA transient simulations). The criterion can be applied to ZIRLO® cladding, and 
conservatively applied on fuel rods with advanced cladding materials such as M5TM and Optimized 
ZIRLO®. 
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ABSTRACT 
The progress in analytical methods has evolved the classical thermalhydraulic codes such as 
RETRAN, TRAC and RELAP5 towards modern codes with full capability of performing 3D kinetics 
analyses in a dynamic way, for simulating the behaviour of specific cores in a realistic manner and so 
to predict the localized power excursions as occurs in the RIA. These codes must be feed with the 
kinetics information of physics codes like CASMO4-SIMULATE3. SIMTAB methodology provides 
an easy tool for properly extracting and formatting the cross-sections and neutronic kinetic 
parameters from SIMULATE to the coupled neutronic-thermalhydraulic codes, making feasible 
reactivity-based studies in BWR and PWR cores. SIMTAB allows to accurately transfer the initial 
kinetic status of the core from the physics code to the thermalhydraulic code and provides the 
adequate kinetics response during the full transient. 
 
We have analyzed the behavior of the Trillo NPP core in a REA with the coupled neutronic-
thermalhydraulic code RELAP5/PARCS v2.7 using the cross-section set and other kinetic 
parameters obtained with the application of the SIMTAB methodology, developed in UPV. We have 
study this transient in different operating conditions and at the beginning and at the end of cycle. 
 
The present work consists of the study of the influence of different definitions of the 
thermalhydraulic model in a REA analysis at Trillo NPP. A series of calculations with different 
number of thermalhydraulic channels to represent the core has been made. These channels have been 
coupled to the neutronic model, developed in a one-to-one basis, that is, each fuel assembly is 
represented by a radial node in PARCS V2.7 code. The mapping between the thermalhydraulic and 
the neutronic model has been performed in different ways to study its influence in the 3D results. 
 
The results have shown that the power peak reached in this transient depends strongly on the core 
thermalhydraulic model. Furthermore, the axial power profile is strongly dependent to the 
thermalhydraulic to neutronic mapping and its accuracy compared with the SIMULATE axial 
profile, which determines also the accuracy of the couple 3D results. Therefore, this study 
contributes to obtain more accurate results in the REA analysis in Trillo NPP. 
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ABSTRACT 
Nuclear industry and licensing authorities need to be able to rely on the good performance of 
methods and computer programs used in safety analysis calculations. This is best achieved through 
validation and benchmarking. 
 
With the implementation of advanced fuel management, margins to safety and licensing limits are 
frequently reduced. This leads to general development of advanced methods that reduce the level of 
conservation by implementing kinetics methods that capture spatial effects occurring during reactor 
transients more accurately. The performance of physical models and numerical methods needs to be 
established over a realistic range of applications. 
 
The Reactor Ejection Accident (REA) belongs to the Reactor Initiated Accidents (RIA) category of 
accidents, and it is part of the licensing basis accident analyses required for pressurized water 
reactors (PWR). The REA consist of a rod ejection due to the failure of its drive mechanism. The 
evolution is driven by a continuous reactivity insertion. 
 
The present work consist of the analysis of the behavior of Almaraz NPP core configuration in a 
REA with different operating conditions at the beginning of cycle (BOC) and at the end of cycle 
(EOC), using the coupled neutronic-thermalhydraulic codes RELAP5/PARCS v2.7. 
 
In the process of a transient simulation by 3D neutronic-thermalhydraulic codes it is essential to 
obtain an accurate steady state characterization of the reactor. For that purpose, it is necessary to 
obtain a simplified core with the thermalhydraulic codes RELAP5/PARCS v2.7 coherent with the 
core of the stationary coupled neutronic-thermalhydraulic code SIMULATE3. The obtained core 
should be the most simplified core that can be obtained and adjusted at the specific point of analysis 
and it should characterize the behaviour and the neutronic state of the core in that starting point. 
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The steady-state results have been compared with the physics code CASMO4-SIMULATE3, which 
provides the cross-sections sets and other neutronic parameters for the full transient by using an in-
house methodology called SIMTAB. Specifically, it has been compared the power axial profile and 
the keff at different power levels and at the beginning and at the end of cycle. 
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In its regulations for commercial power reactors, the U.S. Nuclear Regulatory Commission 
(NRC) specifies criteria to ensure that fuel cladding maintains a degree of post-quench ductility 
(PQD) during a postulated loss-of-coolant accident (LOCA).  The current criteria, 2200ºC 
(1204ºC) and 17-percent equivalent cladding reacted (ECR), are based on ring-compression 
tests performed on unirradiated Zircaloy specimens.  In 1998, the NRC’s Office of Nuclear 
Regulatory Research initiated an extensive LOCA research program to investigate potential 
burnup and alloying effects on the existing criteria.  The results of this research appear in 
NUREG/CR-6967, “Cladding Embrittlement during Postulated Loss-of-Coolant Accidents,” and 
in Research Information Letter (RIL) 0801, “Technical Basis for Revision of Embrittlement 
Criteria in 10 CFR 50.46(b)(2),” dated May 30, 2008. 
 
Empirical results and conclusions from the research program, conducted at Argonne National 
Laboratory, highlighted the need to pursue changes to the current U.S. criteria.  RIL 0801 
summarized the research results as follows: 
 

The effects on cladding embrittlement of both alloy composition and burnup were 
studied in the present research program.  Alloy composition effects were 
insignificant, but burnup effects were substantial.  Some of the hydrogen that is 
liberated in the corrosion process enters the cladding during normal operation. 
The hydrogen was found to produce a strong effect on the embrittlement of the 
cladding, but the effect is indirect.  Hydrogen acts as a catalyst while oxygen, 
which diffuses into the cladding metal during a LOCA transient, is the direct 
cause of embrittlement.  Oxygen from the oxide fuel pellets was found to enter 
the cladding from the inside in high-burnup fuel in addition to the oxygen that 
enters from the oxide layer on the outside of the cladding.  Under conditions that 
might occur during a small-break LOCA, the accumulating oxide on the surface 
of the cladding can break up and was found to let large amounts of hydrogen into 
the cladding during the LOCA transient thus exacerbating the embrittlement 
process.  The current work also confirmed an older finding that, if rupture occurs 
during a LOCA transient, large amounts of hydrogen can enter the cladding from 
the inside near the rupture location. 

 
The LOCA research program identified new cladding embrittlement mechanisms and expanded 
the knowledge of previously identified mechanisms.  The table on the next page summarizes 
the key research findings as they relate to current regulations in the United States.  Although 
rule changes are necessary to address deficiencies within the current cladding embrittlement 
criteria, current operating plants appear to maintain sufficient safety margin such that public 
health and safety are not compromised.  
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LOCA Research Impact on Current Regulations 

  Current Regulation Research Finding Impacts 

10 CFR 50.46(a)(1)(i):   
Applicability limited to, 
“[Z]ircaloy or ZIRLO” 

Testing included many different 
zirconium alloys.  RIL 0801 
concludes that PQD is alloy-
independent and that breakaway 
is alloy-dependent. 

Applicability may be expanded 
beyond Zircaloy and ZIRLO. 

10 CFR 50.46(b)(1):  Peak 
cladding temperature, 
“shall not exceed 
2,200 °F.” 

PQD test results confirm an upper 
temperature limit (i.e., cladding 
ductility is lost quickly above 
2,200 °F). 

Maintain the current regulation. 

10 CFR 50.46(b)(2): 
Maximum cladding 
oxidation, “shall nowhere 
exceed 0.17 times the total 
cladding thickness before 
oxidation.” 

PQD test results identified new 
embrittlement mechanisms that 
promote a lower allowable 
time-at-temperature limit 
(expressed as Cathcart-Pawel 
(CP) ECR) as a function of initial 
hydrogen content. 
 
 

A single prescriptive local oxidation 
limit is no longer possible. 
 
CP-ECR must be used in LOCA 
analyses to correlate 
time-at-temperature embrittlement 
to empirical database. 
 
Correct the improper use of CP 
within best estimate LOCA methods 
along with 17% ECR criterion 
(based on Baker-Just). 

10 CFR 50.46(b)(3): 
Maximum hydrogen 
generation 

Not addressed None 

10 CFR 50.46(b)(4): 
Coolable geometry 

The investigation and 
characterization of the fuel rod 
balloon are beyond the scope of 
the current program. 

None 

10 CFR 50.46(b)(5): 
Long-term cooling Not addressed None 

 

Not applicable (NA) 

LOCA testing identified a new 
mechanism involving breakaway 
oxidation (i.e., unstable oxide 
transformation and growth). 
 

New regulatory criteria are required 
for maximum time duration above a 
temperature where unstable oxide 
was observed in testing. 
New analytical requirement for 
break-spectrum analysis on 
maximizing time above 1,200 °F 

NA 
Oxygen diffusion from cladding 
inside diameter was detected in 
tests with high burnup fuel rods. 

New language within 10 CFR 50.46; 
Appendix K, “ECCS Evaluation 
Models,” to 10 CFR Part 50; or 
regulatory guidance documents is 
needed to require double-sided 
CP-ECR (beyond a burnup 
threshold) in areas beyond the 
balloon/burst node. 

NA 

LOCA integral tests confirm that in 
the vicinity of the fuel rod rupture 
node, the cladding quickly 
becomes embrittled as a result of 
gross hydrogen uptake.  

The 10 CFR 50.46(b)(2) criterion 
may not protect (i.e., ensure PQD) 
this portion of the fuel rod. 
Further research is required. 
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  Current Regulation Research Finding Impacts 

NA 
Recent tests at Halden have 
reaffirmed the staff’s position with 
respect to fuel relocation. 

Fuel fragment packing within the 
balloon region may need to be 
accounted for in LOCA analyses. 
Further research is required. 
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Abstract 
 

Fuel cladding might be severely oxidized and embrittled in a LOCA. The LOCA criteria limit the peak cladd 

temperature and the oxidation of the cladding to avoid embrittlement of the cladding and ensure coolable geometry of the 

reactor core. In Japan, the limit for the oxidation is determined by thermal shock resistance (fracture/no-fracture boundary) of 

oxidized cladding which was experimentally determined under simulated LOCA conditions. In the LOCA simulated 

experiment, a short test rod is heated up, ruptured, oxidized in steam and quenched by flooding water, simulating the whole 

LOCA sequences. The current safety limit is based mostly on the data obtained with non-irradiated cladding. The authors 

recently performed the LOCA-simulated experiments with high burn-up PWR and BWR fuel cladding at the Reactor Fuel 

Examination Facility (RFEF) of the Japan Atomic Energy Agency (JAEA). Consequently, it was shown that fracture 

boundary is not reduced significantly by high burn-up and use of new alloys in the examined burn-up level, though it may be 

somewhat reduced with corrosion/pre-hydriding during the reactor operation as observed in unirradiated Zircaloy-4 cladding. 

‘Zero ductility’ condition derived from the ring compression test of the oxidized cladding has been used for the LOCA 

criteria in the U.S. and European countries. The tests have been performed with high burn-up fuel cladding at the Argonne 

National Laboratory. It was shown that hydrogen produces the main burn-up effect on embrittlement and the zero-ductility is 

seen at the oxidations lower than the safety limit if the cladding absorbs 800 ppm of hydrogen which corresponds to a limit 

commonly used by fuel manufacturers. 

Loading conditions are different in the two test methodologies, which could be the cause of the different results on the 

cladding embrittlement. More experimental and analytical investigations are needed to correlate the test results and discuss 

about the safety limits appropriate to the high burn-up fuel. In the present study, the ring compression test is performed with 

specimens sampled from the high burn-up fuel cladding which was tested in the LOCA-simulated experiments to compare 

results from the two test methodologies. 

Oxidation temperature in the LOCA-simulated experiments ranges 1130 to 1210ºC, and oxidation time ranges 122 to 

280 s. The oxidation calculated with the Baker-Just equation ranges 11 to 22% ECR (9 to 17% ECR with the Cathcart-Pawel 

equation). The hydrogen concentrations are about 75 to 671 ppm before the LOCA-simulated experiments and those are 

estimated to be about 200 to 1400 ppm after the experiments. Ring compression test was conducted at about 135ºC and at the 

cross-head speed of 3.33x10-2 mm/s.  

Although the examined high burn-up cladding did not fracture on the quenching in the LOCA-simulated experiments, 

the specimens fractured without showing plastic deformation in the ring compression tests. Considering the severity to the 



   

fuel, up to the quench phase in a LOCA, the ring compression test could provide conservative results on the cladding 

embrittlement. 



Determination of Mechanical Cladding Properties by Best-Fit Simulations of Ring 
Compression Tests 
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ABSTRACT 
(1000 words) 

 
 

The regulatory criterion for preserving a residual ductility during a LOCA appears to be no 
longer applicable. Investigations of the fuel rod performance under LOCA conditions at 
Argonne National Laboratory (ANL) revealed that the fuel rod cladding is totally brittle in 
the vicinity of the burst opening of a fuel rod. Embrittlement is observed regardless of the 
type of cladding and the degree of oxidation. It is the hydrogen up-take after the burst of 
the fuel rod cladding which provokes this embrittlement. It is questionable if a quench 
process and the end of a LOCA transient can be survived without shattering the fuel rod. 
Therefore the evaluation of the cladding ductility has to be replaced by an evaluation of the 
residual strength which will exclude the shattering of the fuel rod. 
 
Because the cladding undergoes various detrimental processes during the LOCA transient 
like cladding thinning due to cladding creep and cladding oxidation as well as cladding 
burst and cladding secondary hydriding, the mechanical strength of the cladding is 
drastically reduced. This reduction and its consequences on a potential for shattering the 
fuel rod cladding is difficult to quantify. 
 
This paper shows the method developed to quantify both the cladding mechanical 
properties and in particular the cladding residual mechanical strength. The experimental 
results of the ring compression tests (RCT) conducted at ANL have been utilized for that. 
ANL accomplished RCTs for various cladding types and for various oxidation levels 
(ECR%-levels) achieved at different oxidation temperatures.  
 
The basic approach is the reverse engineering of the RCT test data by means of finite 
element (FE) calculations with the code ADINA. Starting with the cladding oxidation model 
of Leistikov, the layer structure of the cladding and the distribution of the oxygen among 
these layers is determined. The mechanical properties of these layers are taken from 
MATPRO/FRAPCON models and adapted if necessary.  
 
Based on the layer structure and the mechanical properties the ADINA FE code predicts 
the load/displacement curves for rings which are under compression like in RCT. 
Comparing the measured with the calculated load/displacement curve the residual 
strength can be deduced. 
 
Using the oxidation model of Leistikov, for each RCT the equivalent oxidation time is 
determined which corresponds to the measured ECR. From this oxidation time follows the 
thicknesses of the zircon layers, of the O-stabilized α-layers and of the load bearing prior 
β-layer. From both the layering of the cladding and the measured weight gain the oxygen 
content of the load bearing prior-β-layer can be calculated. Based on this specific oxygen 
content in the prior-β-layer, the mechanical properties like Young’s modulus, tangent 
modulus, yield stress, etc. can be determined from MATPRO/FRAPCON models and 
taken as input for the ADINA simulation. 
 



Resulting load/displacement curves by ADINA for Zry-4 compare well with the 
experimental RCT data without any further adaption. For the cladding material M5 both the 
oxidation model and the mechanical property model require adaption.  
 
The fitting process for the M5 cladding is done by iteratively modifying the ADINA input. In 
the first step the thicknesses of the load bearing prior β-layer and the remaining layers are 
adjusted. If agreement for the elastic part of the load/displacement curve is reached, the 
yield stress is fitted next. This is a consequence of the irregular interface between α-Zr-
layer and the load bearing layer. E.g. for M5 at 1000°C oxidation temperature it is found 
that the thickness of the load bearing layer can be calculated from Leistikov models if the 
α-Zr-layer thickness is enlarged by 20% compared to that thickness predicted for Zry-4. 
 
Finally each predicted load/displacement curve by ADINA follows the measured curve up 
to the displacement at which the first crack is registered in the test specimen. For this 
displacement the maximum stress in the computational mesh can be considered as the 
burst stress or residual strength of the material. The residual strengths (burst stresses) 
have been determined for cladding types Zry-4 and M5 at different levels of oxidation and 
at different oxidation temperatures. 
 
The outcome from this investigation reveals a linear decrease of the ratio between the 
residual strength and the yield stress with increasing ECR. For each cladding material this 
strong linear correlation is almost independent of the oxidation temperature. For Zry-4 the 
regression curve arrives at the ratio of unity if the ECR value is 17%. This is an indication 
for the known fact that ductility is lost above 17% ECR thus above 17% ECR the burst 
stress falls below the yield stress. 
 
M5 also shows a linear decrease of the ratio between the residual strength and the yield 
stress with increasing ECR, but this curve is parallel shifted to lower values. Therefore the 
M5 material requires its own approximation. 
 
It is intended to extend this method to cases with varying hydrogen content in the ring 
specimen. For that, the RCT with hydrogen content from ANL will be evaluated. Thus the 
final goal of an assessment of the residual strength under quench load condition in a 
strained, burst, oxidized and hydrided cladding can be achieved. Thus it can be assessed 
if shattering of the fuel rod can be excluded. 



Obtention of fracture properties of unirradiated fuel cladding from ring compression 
tests 
 
M.A. Martin-Rengel(1,2), F.J. Gomez(1), J. Ruiz-Hervias(1), L. Caballero(1), A. Valiente(1) 
 
(1): Departamento de Ciencia de Materiales, UPM, E.T.S.I. Caminos, Canales y Puertos 
Profesor Aranguren s/n, E-28040 Madrid, Spain 
Tel: (+34) 913366685 , Fax: (+34) 3366680 , email: jr@mater.upm.es 
(2): Consejo de Seguridad Nuclear (CSN) 
Justo Dorado 11, E-28040 Madrid, Spain 
Tel: (+34) 913366685, Fax: (+34) 3366680, email: mamartin@mater.upm.es 
 
 
ABSTRACT 
 
Zirconium alloy cladding is used as the first structural barrier to contain the nuclear fuel 
and the fission products. In addition to its neutron transparency, this material has a good 
corrosion resistance and remarkable mechanical properties at operational temperatures. 
Consequently, it is or paramount importance to precisely characterize the mechanical 
behaviour and fracture properties of irradiated cladding to ensure a safe operation. It is 
known that the mechanical behaviour of unirradiated zirconium alloy cladding is 
anisotropic. The elastoplastic response depends on the direction, namely radial, hoop or 
longitudinal. For this reason, different fracture properties should be expected in each 
direction.  
 
From the various tests employed to characterize the mechanical behaviour along the 
hoop direction in nuclear fuel cladding, the ring compression test is particularly useful 
to study material fracture. With this test it is possible to determine the moment when a 
real crack is formed, due to a sudden decrease in the applied load at a given 
displacement value. 
 
The aim of this research is to determine as precisely as possible the value of the fracture 
energy from the ring compression test load vs. displacement curves. To this end, a finite 
element calculation incorporating the cohesive zone model was performed. In this case, 
the cohesive zone theory is applied in its simplest form. It is considered that the 
cohesive crack transfers a constant stress until the displacement of this cohesive crack 
reaches a critical value. At this precise moment a real crack is generated. The properties 
of the softening curve of the cohesive zone model can be obtained by directly 
comparing the experimental load vs. displacement records with the finite element 
calculations. The area under the softening curve is the fracture energy, which is directly 
related with the material fracture toughness.  
 
The experimental data used in this work have been obtained on unirradiated Zirlo 
cladding, with the standard alloy composition and geometry (outer diameter of the 
cladding 9.5 mm and a wall thickness of 0.56 mm), with a remarkable agreement 
between the numerical and experimental results. 
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Coolability of ballooned VVER bundles with pellet
relocation

Z. Hózer, I. Nagy, P. Windberg, A. Vimi (AEKI - Hungary)

During a LOCA incident the high pressure in the fuel rods can lead to clad ballooning and the debris of fuel pellets
can fill the enlarged volume. The evaluation of the role of these two effects on the coolability of VVER type fuel
bundles was the main objective of the experimental series.

The tests were carried out in the modified configuration of the CODEX facility. 19-rod electrically heated VVER type
bundle was used. The test section was heated up to 600 ºC in steam atmosphere and the bundle was quenched from the
bottom by cold water.

Three series of tests were performed: 1. Reference bundle with fuel rods without ballooning, with uniform power
profile. 2. Bundle with 86% blockage rate and with uniform power profile. The blockage rate was reached by
superimposing hollow sleeves on all 19 fuel rods. 3. Bundle with 86% blockage rate and with local power peak in the
ballooned area. The local power peak was produced by the local reduction the cross section of the internal heater bar
inside of the fuel rods. In all three bundle configurations three different cooling water flowrates were applied.

The experimental results confirmed that a VVER bundle with even 86% blockage rate remains coolable after a LOCA
event. The ballooned section creates some obstacles for the cooling water during reflood of the bundle, but this effect
causes only a short delay in the cooling down of the hot fuel rods. Earlier tests on the coolability of ballooned bundles
were performed only with Western type bundles with square fuel lattice. The present test series was the first
confirmation of the coolability of VVER type bundles with triangular lattice.

The accumulation of fuel pellet debris in the ballooned volume results in a local power peak, which leads to further
slowing down of quench front. The first tests indicated that the effect of local power peak was less significant on the
delay of cooling down than the effect of ballooning. 



Transient dry out in Forsmark 2 during a fast pump runback – 
course of events, fuel investigations and measures taken 

Eric Ramenblad 
Vattenfall Nuclear Fuel 

Jämtlandsgatan 99, 162 87 Stockholm 
Tel: +46 8 739 7456 , Fax: +46 8 877 879 , Email: eric.ramenblad@vattenfall.com 

 
David Schrire 

Vattenfall Nuclear Fuel 
Jämtlandsgatan 99, 162 87 Stockholm 

Tel: +46 8 739 6596 , Fax: +46 8 877 879 , Email: david.schrire@vattenfall.com 
 

Björn Schröder 
Forsmarks Kraftgrupp AB 

172 03 Östhammar 
Tel: +46 173 813 95, Email: bsc@forsmark.vattenfall.com 

 
 

Extended Abstract – Swedish BWR:s operate under the condition that dry out is 
not accepted for anticipated transients. To guarantee this, extensive work has been 
done regarding plant models, methodology development and full scope SAR 
analyses. In addition to this, every cycle is analyzed in detail to determine an 
operating limit for the minimum critical power ratio (OLMCPR). 

A lightning strike on June 13 in the power grid some miles away from Forsmark, 
resulted in a short circuit between the phases and a voltage dip lasting about 80 ms. 
The grid disturbance propagated into NPP Forsmark unit 2. In the power supply 
system (system 649) to the main recirculation pumps (system 313), the combination 
of low voltage and a phase-shift, tripped two rectifiers in each of the four subs. This 
disconnected the main recirculation pumps from their power supply.  

As backup, Forsmark 2 has 4 flywheels (one in each sub) that can give sufficient 
power to slowly reduce the pump speed. However, the control logic did not include 
a condition what to do if both rectifiers tripped, so the pumps continued at its 
nominal speed. When the original power supply returned to its original level, the 
flywheels stopped feeding the main recirculation pumps. Since both rectifiers had 
tripped, the recirculation pumps did not get any power supply and ran down quickly. 

After the recirculation pumps stopped, the core flow decreased from ~10500 kg/s to 
about 2800 kg/s in one second causing a void increase. The negative void feedback 
decreased the thermal neutron flux which reduced the power from full power to 
about 20 %. Since there is a time lag in the heat transfer from the pellet to the 
coolant, it takes a few seconds before the stored energy in the pellet is down to a 
corresponding level. During these seconds calculations show that about 84 fuel 
assemblies exceeded the safety limit minimum CPR and 18 of these experienced dry 
out (calculated CPR < 1.0). 

This course of events had not been anticipated beforehand, hence, the OLMCPR 
was too low and did not protect the fuel against the transient dryout. 



The core was a mixed core of Areva ATRIUM-10B and GNF GE14 fuel. Both fuel 
types had assemblies represented among those 18. 

The calculations are made up out of two separate cases. First the plant response was 
analyzed with the Westinghouse code BISON. Global variables like total core flow, 
the neutron flux (APRM) and steam dome pressure were determined. After this, 
boundary conditions regarding inlet temperature, core pressure drop, core power 
and axial power profile are used on a specific hot channel. The calculations were 
also compared to those that were available from the plant log, showing good 
agreement. 

Vattenfall and the fuel vendors did independent best estimate hot channel analyses 
to calculate what impact the transient might have had on the fuel. 

The agreement between different codes (GE: TRACG, Areva: HECHAN and 
Vattenfall: BISON/SLAVE) was very good showing that the maximum outside 
cladding temperature was around 450 oC. Since the transient leads to a decrease in 
power and the dry out was of such short duration, it was only the cladding and the 
outer part of the pellet that experienced a higher temperature than during normal full 
power operation. 

The impact on the cladding temperature when rewetting is not credited was also 
studied, and assuming uncertainties regarding rod power, channel flow and gap size. 
Rewetting had only a slight impact on the maximum temperature but, of course, a 
major impact on the duration. The other uncertainties added up to around 30 oC.  

The fully-recrystallised Zircaloy-2 cladding used in both the ATRIUM-10B and the 
GE14 fuel hardens rapidly under BWR conditions. The irradiation hardening leads 
to an increase in the ultimate tensile stress (UTS), the yield stress or elastic limit and 
the hardness of the material. The hardening is strongly dependent on the fast 
neutron fluence (usually expressed in n/m2, E>1 MeV), and less strongly dependent 
on the material microstructure (size distribution of the secondary phase particles) 
and the temperature (where higher temperature during irradiation results in less 
hardening). The temperature transient leads to a softening (annealing) of the 
Zircaloy, i.e. a reduction of the yield stress and an increase in ductility. At the low 
burnup when the transient dryout occured (~10 MWd/kgU), the negative effect of 
the reduction in the yield stress outweighs the beneficial effect of the increase in 
ductility, if the irradiation hardening is taken into account in the mechanical design 
of the fuel.  

The resulting temperatures were evaluated using different criteria for fuel reuse 
proposed by Areva and AESJ. 

Areva - The limits for fuel reuse consist of two parts: a peak cladding temperature 
of 800 °C for up to 1 second, together with a limit on the cumulative annealing 
parameter ΣA during the entire duration of the event of 1,5·10-20.

  

AESJ - AESJ (Atomic Energy Society of Japan) has developed criteria for fuel 
reuse (i.e. continued operation) as well as criteria for fuel integrity (non-failure) 
without reuse, following a transient dryout (or “boiling transition”) event. The AESJ 



criteria for fuel reuse consist of a limit on the maximum cladding temperature as 
well as a limit on the duration. 

The calculated peak cladding temperature histories for both best estimate and 
conservative scenarios are within the Areva and AESJ proposed post-dryout criteria 
for fuel reuse, for both the Atrium 10 and GE14 fuel.  

Furthermore, evaluating the temperature histories the following was concluded: 

- The annealing parameters based on the calculated peak cladding temperature 
histories for all cases are negligible in comparison with those for the as-
manufactured cladding, and thus have no impact on the metallurgical state or 
intermetallic particle size distribution, thereby having no influence on the future 
corrosion behaviour of the fuel.  

- Cladding corrosion, creepdown and hydrogen redistribution, as well as fission 
gas release or other pellet-related phenomena, during the transient itself were 
negligible and have no impact on the further operation of the fuel.  

- The best-estimate calculated annealing (recovery) of the irradiation hardening, 
based on the calculated peak cladding temperature histories, does not impact the 
licensed mechanical designs and design bases, for both the ATRIUM-10B and 
GE14 fuel.  

At present the 84 fuel assemblies that exceeded the SLMCPR are stored in the pool. 
To support further irradiation, a bounding fuel rod was identified in the ATRIUM-
10B fuel assembly with the highest calculated temperature. The methodology 
applied was to calculate the power distribution with pin power reconstruction and 
using this in the K-factor algorithm. The rod with the highest K-factor would be the 
one with the highest probability to experience dry out. The rod has now been 
removed and sent to Studsvik for PIE.  

The purpose of the PIE is to verify that the calculated temperatures were not 
exceeded during the event and that the fuel can be reinserted without restrictions. 

In the draft version of the paper, some results from the PIE can be included, and in 
the final paper the conclusions will be included. 
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Ductile-to-Brittle Transition Behavior of the HANA
Claddings after LOCA simulated Oxidation and Water

Quenching Test
J. Y. Park (KAERI-Korea), Y.H. Jeong (KAERI-Korea)

Over the last few decades, Zirconium alloys have been used as fuel cladding material, because of their good corrosion
resistance and mechanical properties in reactor operating conditions. At present, the corrosion of fuel cladding is the
most critical issue for the high burn-up operating condition of LWRs. As well as it is of importance that the fuel
cladding should maintain their nature at a postulated design-based accident such as LOCA (loss of coolant accident).
LOCA is treated as one of the most important design-basis accidents. During the LOCA event, the fuel cladding is
faced to the high temperature oxidation, and quenched by water due to the emergency core cooling system activity. So,
the fuel cladding lose their integrity by the formation of the ZrO2 and oxygen stabilized alpha-Zr as well as hydride.
Because the ZrO2 phase, oxygen stabilized alpha-Zr layer, and hydride show the brittle characteristics in cladding
materials, ductility of the fuel cladding is deceased after LOCA event. So the remained cladding wall (prior beta-
phase), which is transformed from the beta-phase to the alpha-phase during the quench, provides fracture resistance.
The objective in this work is to analyze the ductile-to-brittle transition behavior of HANA claddings by the application
of the microsructural evaluation after a simulated LOCA event test. Two types of HANA claddings (HANA-5 and
HANA-6) were oxidized at various temperatures from 900oC to 1250oC and exposed at different times, and cooled at
the intermediate temperature of 700oC for 100s after being oxidized, and then quenched. The ring compression test
and the microhardness test were carried out to evaluate the ductility for the simulated LOCA tested claddings. The
optical microscope observation was performed to calculate the thickness of the ZrO2 phase and the oxygen stabilized
alpha-Zr layer and to observe the shape of the oxygen stabilized alpha-Zr layer and prior-betaƒÒphase with the test
conditions as well as alloy composition of claddings. In the ring compression test after oxidzed and quenched
claddings in the temperature range from 900¢J to 1250¢J for 300 sec, the ductile-to-brittle transition behavior of
HANA-5 cladding was shown in temperature between 1050¢J and 1100¢J, whereas, the ductile-to-brittle transition
behavior of HANA-6 cladding was shown in temperature between 1100¢J and 1150¢J. When oxidized at 1250, the
displacement at first load drop was significantly decreased when compared to the oxdized at 1200¢J in both HANA
claddings. The microhardness results on the prior-beta phase region was not corresponeded with the ductile-to-brittle
transition behavior of HANA claddings after the LOCA simulated oxidation and water quenching test. But the
variation of the oxygen stabilized alpha-Zr layer was corresponeded with the ductile-to-brittle transition bebavior of
HANA claddings. The oxygen stabilized alpha-Zr layer was considerably changed at the ductile-to-brittle transition
region in the HANA claddings. However, there is a need for more systematic study of the ductile-to-brittle transition
behavior of HANA claddings. 
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Abstract- 

During a postulated loss-of-coolant accident (LOCA), the reactor coolant pressure may drop below the internal fuel 
rod gas pressure causing the fuel cladding to swell (balloon) and, under some conditions, rupture. A ballooned region may be 
filled partially or totally with fuel fragments, depending on the fuel burn-up.  

Fuel relocation consists in the accumulation of fuel debris in the ballooned region of the burst cladding which results 
from small fuel fragments slumping from upper locations and eventually fuel dispersal from rod. This process is initiated at 
the cladding burst time and is driven by both gravity and pressure difference between the rod upper plenum and primary 
coolant. Due to the accumulation of fuel fragments in the ballooned region, local power is increased and consequently the 
peak cladding temperature (PCT) and the equivalent cladding reacted (ECR) may increase too. This phenomenon may be 
compensated by the increase of the heat transfer due to the increased cladding area in the ballooned region. Both 
phenomenon are linked and can not be taking into account separately.  

The aim of this paper is to evaluate if fuel relocation impact on ECR and PCT could be compensated by the benefit of 
considering the increased heat transfer area (IHTA) of the ballooned region. For this purpose, experimental results from 
HALDEN LOCA tests IFA 650.2, IFA 650.4 and IFA 650.7 have been analyzed.  

Experimental data have been compared with calculated data obtained from FRAP-T6 calculations. This code is used 
by IBERDROLA in the LOCA Licensing Analysis Methodology based on relaxed Appendix K approach, and has been 
modified and validated by IBERDROLA, based on the Limerick, Robinson and Halden experimental tests.  

This evaluation has been performed to determine if new requirements for balloon area should be needed in the 
USNRC LOCA regulation (10CFR50.46). 

 Keywords: IHTA, Fuel Relocation, HALDEN, FRAP-T6  
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Overview of CNA-2 NPP 
Atucha-2 is a pressurized heavy water cooled and moderated reactor (PHWR) designed 
by Siemens under construction in the Republic of Argentina. The nominal electric power 
is 745 MWe. The reactor is equipped with a PWR-type Reactor Pressure Vessel (RPV). 
The operating pressure for the moderator and the coolant is equal (11.5 MPa) since the 
same fluid is simultaneously passing through the core and the moder\ator tank. The 
moderator and coolant circuits are connected through the bypass in the lower plenum and 
the upper plenum of the RPV. The former is constituted by two loops with a U-Tubes 
SGs. The latter is a four loops moderator system connecting upstream and downstream 
the moderator tank. Four horizontal U-Tubes exchangers remove the heat from the 
moderator system and preheat the feed water. The reactor power is generated in the core, 
composed by 451 fuel bundles placed in vertical fuel channels, each one containing a fuel 
assembly (FA) composed by 37 fuel rods. The reactor power is removed via the above 
mentioned 2 hydraulic loops equipped with U-Tubes Steam Generators (SG). 
 
The fuel rod consists of a stack of natural UO2 pellets, of compensation pellets in Al2O3, 
the supporting tube, and the compression spring. Everything is placed into a Zircaloy-4 
cladding tube. Although most fission products are retained within the UO2, a fraction of 
the gaseous fission products is released from the pellets and accumulated in the plenum 
of the rod. The fuel rod cladding thickness is adequate to be "free-standing", i.e., capable 
of withstanding external reactor pressure without collapsing onto the pellets. All fuel rods 
are internally pre-pressurized in order to reduce compressive clad stresses and creep 
down due to the high coolant pressure. Helium is used as pressurizing gas to get good 
heat transfer from fuel to cladding. The plant is operated with a on-power re-fueling that 
is performed by a refueling machine. After the equilibrium burnup core is reached, the 
refueling is performed is order to move each FA just three times during its lifetime. Thus, 
a fresh FA is introduced into the core in a position and kept there until it reaches a certain 
burnup (transition burnup). Then it is moved to its final location, where it is burnt up to 
the discharge burnup. 
 



A peculiarity of the Atucha-2 design, common to other heavy water moderated reactors, 
is the positive void reactivity coefficient. This implies, in the case of a LB-LOCA event, 
the occurrence of a power peak at the very beginning of the transient due to the large void 
formation in the core channels. Thus the LOCA event is also a RIA event. 
 
Connection to Licensing 
The Atucha-2 Construction License was issued in July 1981, upon a previously submitted 
Preliminary Safety Analysis Report (PSAR). Construction works were suspended in 1986 
and resumed in 2005, with the objective to bring the plant into operation by the year 2010. 
To this aim, a twofold licensing analysis strategy is foreseen: the original safety design 
philosophy is preserved, and recent advances in nuclear safety technology are 
incorporated, as far as possible. Derived from the connected probabilistic approach, the 
double ended guillotine break (DEGB) is considered as a beyond design basis scenario 
(BDBA). Nevertheless, the demonstration of the design capability to withstand this event 
has an important role in the evaluation of the plant safety. A proposal for accident 
analysis has been developed by GRNSPG/UNIPI, starting from the original Siemens 
methodology and further enhanced by the inclusion of the use of modern best estimate 
computer codes and methods. The methodology includes also the evaluation of 
uncertainty in the calculated results, thus resulting in a Best Estimate plus Uncertainties 
approach (BEPU).  
 
Procedure addressing the fuel rod failures  
Depending on the specific event scenario and on the purpose of the analysis, it might be 
required the availability of calculation methods that are not implemented in the standard 
system thermal hydraulic codes, as for burst temperature, burst strain and flow blockage 
calculations. This may imply the use of a dedicated fuel rod thermo-mechanical computer 
code.  
 
This paper provides an outline of the methodology for the analysis of the 2A LB-LOCA 
scenario in Atucha-2 NPP and describes the procedure adopted for the use of the fuel rod 
thermo-mechanical code. The methodology implies the application of best estimate 
thermal-hydraulic, neutron physics and fuel pin performance computer codes, with the 
objective to verify the compliance with the specific acceptance criteria. The methodology 
also involves the evaluation of the uncertainty to address the assessment of the safety 
margins. The fuel pin performance code is applied with the main objective to evaluate the 
extent of cladding failures during the transient.  
 
The procedure consists in a deterministic calculation by the fuel performance code of the 
characteristics of each individual fuel rod during its lifetime and in the subsequent LB-
LOCA transient calculations. The boundary and initial condition (e.g. pin power axial 
profiles) are provided by an independent three dimensional neutron kinetic coupled 
thermal-hydraulic system code (RELAP5-3D©). The procedure is completed by the 
sensitivity calculations and the uncertainty evaluation. 
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A Review of Past and Present Reactor Safety Evaluations in Loss of Coolant Accidents Ken Yueh, EPRI Robert
Montgomery, ANATECH Corp. John Alvis, ANATECH Corp. Kurt Edsinger, EPRI The continued safe operation of
nuclear reactors world wide is crucial to the well being of the public as well as to ensure its continued viability as an
energy source. Since the beginning of the nuclear age, reactor safety research has significantly advanced our
understanding of the reactor/fuel responses during accidents. This paper provides a review of the various
investigations, from the early fuel meltdown tests in the 50s to the current investigations that are taking place
worldwide, that have contributed to the understanding of issues that are important in a Loss of Coolant Accident
(LOCA) and how they have shaped existing and potentially influencing future LOCA safety evaluation methodologies.
The review of early periods will focus on evaluations that led to the establishment of the 17% Equivalent Cladding
Reacted (ECR) and the 2200°F Peak Cladding Temperature (PCT) limits in 1973. The rationale for these limits as well
as deficiencies in light of the current state of the art knowledge will be discussed. In late 2008, the US Nuclear
Regulatory Commission (NRC) has decided to initiate rulemaking to revise the LOCA criteria for light-water reactors.
The revised rule will be performance based and rely primarily on the research sponsored by the US NRC that was
conducted at the Argonne National Laboratory. The revised rule is expected to maintain the current 2200°F PCT but
includes additional new requirements, such as the effects of operational hydrogen pickup, inner surface oxygen uptake,
and breakaway oxidation. Although the proposed new rule will incorporate several new phenomena, industry
evaluations indicate the new discoveries do not present a safety concern because of methodology conservatisms, and a
lack of potential for high burn-up fuels to reach the limiting high temperatures during a LOCA. The proposed changes,
however, is expected to have far reaching impacts on the industry from the needs to develop and implement new
LOCA evaluation methodologies to demonstrate compliance. The significance and implications of in-service hydrogen
pickup, fuel bonding layer and oxidation temperature effects on ductility, breakaway oxidation and fuel relocation on
compliance will be discussed in depth. While there is general agreement between the US NRC and industry on the
effects of in-service hydrogen pickup and LOCA oxidation temperatures on the clad post quench ductility (PQD)
significant differences in position remain with respect to inner surface oxygen uptake and breakaway oxidation.
Determining an oxygen source for the inner surface oxygen uptake, from bonded fuel or inner surface oxide, is an
important first step in quantifying its impact. Existing data suggests oxygen transfer is limited to the inner surface
oxide. The industry is sponsoring several tests to evaluate potential oxygen transfers from non-irradiated fuel pellets
and pre-existing inner surface oxide to the clad and their impacts on the PQD. The industry is also conducting tests in
an attempt to isolate potential causes for short breakaway oxidation times observed in electrolytic material sourced
alloys. Results from these tests will be discussed. The paper will also conduct a review of recent international research
efforts and provide an assessment of alternative strategies, such as strength based, to ensure fuel integrity and
coolability during and after a LOCA accident in the ballooned and burst region of the fuel rod. 
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To evaluate the degradation of the ductility of nuclear fuel cladding tubes under LOCA condition, the ring
compression tests which can simulate the degradation of ductility are performed. In this paper, high temperature
oxidized fuel cladding and spent fuel cladding under a compressive loading condition with Zircaloy-4 and Nb-
containing cladding. First of all, the as-received cladding specimens with 8 mm length are oxidized with TGA in air
environment at 1200¡É to prepare specimens with various ECR (Equivalent Cladding Reacted). ECR is controlled to
have a value of 0%, 5%, 10%, 15%, 20% , including ECR value higher than current LOCA maximum oxidation. For
the spent fuel cladding specimens are from Ulchin Unit 2 Zircaloy-4 cladding with ~ 60 GWd/tU. The specimen with a
length of 8 mm is located groove on jig plate, and then compressive load is exerted to the specimen with UTM
installed in a hot cell. The experiments are carried out at 25¡É and 135¡É. In this paper, ductility losses and energies to
failure of oxidized cladding and spent fuel cladding are presented, and also effects of microstructure, oxidation degree
and hydrogen content are investigated by using microscopic analysis(OM or SEM), ECR evaluation and hydrogen
analysis by hot vacuum extraction technique.
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The main objective of the Thermal Hydraulic (TH) analysis of reactor core and fuel assembly design is the 
determination of pressure loss and critical heat flux (CHF). Especially the description of the latter effect requires 
the modeling of a large variety of physical phenomena starting with single phase quantities like turbulence or 
fluid-wall friction, two phase quantities like void distributions, heat transfer between fuel rod and fluid and 
ultimately the CHF mechanism itself. Additional complexity is added by the fact that the relevant geometric scales 
which have to be resolved, cover a wide range from the length of the fuel assembly (~ 4000 mm), over the typical 
dimensions of sub-channel cross sections and the vanes on the spacer grids (~ 10 mm) down to the microscopic 
scales set by bubble sizes and boundary layers (mm to sub mm). 
 
Due to the above described situation the necessary TH quantities are often determined by measurements. The 
main advantage of this technique is that measurements are widely accepted and trusted if the geometry and flow 
conditions are sufficiently close to real reactor conditions. The main disadvantage of experiments is that they are 
expensive both with respect to time and money; especially in high pressure tests they give only limited access to 
the test object. Consequently there is a strong interest to develop computer codes with the goal of minimizing the 
need of experiments, and hence, speeding up and reducing costs of fuel assembly and core design.          
 
Today most of the design work is based on sub-channel codes, originally developed in the 70’s; they provide an 
effective description of the TH in fuel assemblies by regarding the fuel assembly as a system of communicating 
channels (the volume enclosed by four fuel rods = one sub-channel). Further development of these codes is one 
main focus of AREVA NP’s Thermal Hydraulic method and code development strategy. To focus the know-how 
and resources existing in the different regions of AREVA NP, two converged sub-channel codes have been 
defined: the homogenous equilibrium model (HEM) code COBRA-FLX and the multi fluid field code F-COBRA-TF.  
  
Apart from the sub-channel codes and some smaller specialized codes computational fluid dynamic (CFD) codes 
are the second important pillar of the AREVA TH code strategy. In the last decade big improvements in the 
available codes were made and the computing power increased dramatically. Consequently CFD became a 
reliable and robust tool; thanks to the increased computing power the size of the efficiently calculable models 
became large enough to be interesting for TH application in fuel assemblies. The main potential of CFD originates 
from the fact that CFD can predict TH quantities directly, based on the geometric information stored in a computer 
aided design (CAD) file for mechanic design, the tabulated fluid properties and the desired operating parameters. 
Hence CFD can be seen as a tool which can be used to perform virtual TH experiments. But unlike experiments 
where often the access is limited to few TH quantities, CFD provides the comprehensive local TH information and 
valuable insight into length scales smaller than sub-channels cross sections. Thus, CFD cannot only be used to 
directly determine the interesting quantities, but also to complement experiments and sub-channel code analysis 
as well as to support further development of sub-channel codes. 
 
AREVA NP’s TH methods and codes development strategy follows thus two main streams: 



   

1. Updating and improving the sub-channel codes in order to meet the advanced customer and licensing 
requirements like improved physical modeling, more detailed information, more flexibility, etc. The recent 
developments cover the following domains:  

a. Improved/ Advanced Physics  
b. Improved Coding/ Advanced Algorithm. Objective: faster code allowing to perform more 

calculations or to calculate large models (Pin-by-Pin full core calculations steady state and 
transient) 

c. Industrialization. Objective: increasing efficiency and flexibility by improved handling, e.g. tools for 
input generation and output analysis  

d. Coupling to other nuclear codes (e.g. the core simulator ARTEMIS). Objective: Increase 
operating margins by more realistic calculations  

2. Develop CFD capabilities with the aim of supporting and complementing the sub-channel code analysis 
a. Industrialization. Objective: increasing efficiency, robustness, and precision by defining 

calculation methods, and by performing code validation and improved handling  
b. Improving Modeling. Objective: extending code capability in order to approach a CFD based 

description of CHF   
c. Prepare and support mechanical design decisions for spacer geometries by pre-selection of 

design variants based on CFD analyses. 
Method and code development is strongly influenced by the identified needs of internal and external customers. 
 
A successful method and code development crucially depends on the availability of relevant and high quality 
experimental data to develop and validate new physical models. For this reason, AREVA NP operates a unique 
fleet of world wide TH test facilities providing high quality data in the 1-phase and 2-phase domain for sub-
channel codes, as well as for CFD development.  
 
The proposed presentation will give an overview over recent advance in the TH methods and codes development. 
Some applications which have been made possible by these improvements will be shown to underline their value 
for reactor operation of FA design. It is the aim of presenting the efforts undertaken by AREVA NP to update and 
to improve its methods and codes with the objective of being able to provide more comprehensive TH analysis.   
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Energy suppliers are keenly interested in effective margin management in their nuclear 
operations. They also need to accurately predict the capabilities and behavior of their 
reactors. For example, the inability to accurately predict thermal limit margins during reactor 
startups or the onset of reactor coastdown at the end of cycle can significantly impact their 
ability to deliver on their power generation commitments and, ultimately, impacts the power 
generation revenues. 

Fuel suppliers are expected to increase (1) availability factors (flawless fuel operation, 
short time reloading…), (2) fuel performance (reliability, flexibility, burn-up, thermal 
hydraulic performance…), (3) safety margins. The present evolution of fuel assembly and 
core designs towards greater heterogeneity, higher enrichments and burnup, Gd-loading, 
MOX loading, low leakage, etc., challenge the codes & methods (C&M) development.  

Safety Authority requirements are evolving (e.g. new RIA criteria, request for enlarged 
qualification databases…); fuel suppliers have to anticipate these evolutions and to come up 
with methods that properly meet the new needs, such that penalties on products or on limits 
in operation are avoided. 

Anticipating customer’s needs for the future, the Fuel Sector of AREVA NP took up the 
challenge to significantly advance the state-of-the-art in nuclear methods and started in 2002 
a series of large R&D programs preparing the next generation of C&M for fuel assembly 
design, core design, safety analysis and core monitoring.  

An overview is given over the strategic R&D axis of the Fuel Sector of AREVA NP. The 
domains of neutronics, core thermal-hydraulics and fuel rod thermal-mechanics are covered. 

 
 

CODES & METHODS DEVELOPMENT STRATEGY 
 
The main goals of the C&M development strategy are: 

a) Providing the targeted market with the state-of-the-art codes & methods that meet 
customer needs and give appropriate answers to safety authority requirements. 

b) Anticipate future market needs in order to keep (or to get) technological leadership by 
a good selection of R&D objectives  
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c) Optimize C&M portfolio, taking into account the competition and the time needed to 
develop new solutions 

d) Keep or develop key competencies to solve problems which need more scientific 
knowledge (CFD, advanced thermal-hydraulics and thermal-mechanics...) 

 
a) Answering market needs: 

• Support our products with C&M allowing increases in margins. 
• Provide state-of-art C&M, as requested not only by Safety Authorities but also by 

customers 
• Sound, robust C&M that enables efficient licensing 
• High quality by modern development methods and software architectures  

 
b) Anticipate future needs: 

• Survey market trends and fuel evolution and derive corresponding development 
objectives 

• Prepare C&M for supporting the next generation of fuel products 
• Be proactive relative to new requirements of Safety Authorities: anticipate them and 

prepare in advance appropriate tools rather than reacting after new requirements have 
been issued. 

 
c) Optimize C&M portfolio: 

• Concentrate competences on global developments in order to achieve high quality, 
state-of-the art C&M, supporting our new high performance products and accelerating 
licensing processes 

• Use synergies in the company, promote inter-regional and inter-sector technical 
exchange and cross-fertilization 

• Take profit of development made in universities and research institutes 
 
d) Keep our technological leadership: 

• Develop state-of-the-art neutronic codes qualified for high burnup   
• Develop advanced fuel rod performance code for PWR and BWR 
• Improve our understanding and modeling of the critical heat flux (CHF) and dryout 

by using advanced thermal-hydraulics and computational fluid dynamics (CFD) 
• Have state of the art codes and methods for PWR and BWR product licensing 
• Cooperation with CEA and Universities 

 
Implementation of the C&M Strategy 
 

• New C&M will be implemented to a given customer if needed to (a) meet customer 
requirements, (b) meet present and anticipated future safety authorities’ requirements, 
(c) meet performance of our products (i.e. avoiding to lose margins because of old, 
conservative C&M). 
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• (a) New C&M will be implemented to a given customer if they bring a benefit in 
terms of accuracy (i.e. margin gain) and/or if they represent the state-of-the-art (e.g. in 
Germany the state-of-the-art is a request of the Safety Authority). 

 
• (b) New C&M will be implemented as needed by the evolution of our products (e.g. 

Cr doped pellets are modeled in COPERNIC3 but not in previous code versions or in 
other former codes). 

 
• (c) New C&M will be implemented if they have increased quality and robustness. 

 
THE MAIN DEVELOPMENT AXIS 

 
The main development axis will be presented: thermal-mechanics, neutronics, thermal-
hydraulics…. 
 
CONCLUSIONS 
Anticipating customer’s needs for the future, the Fuel Sector of AREVA NP took up the 
challenge to significantly advance the state-of-the-art in nuclear methods and started in 2002 
a series of large R&D programs preparing the next generation of C&M for fuel assembly 
design, core design, safety analysis and core monitoring. This way, the C&M development 
supports AREVA NP fuel solutions for the future. 
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ABSTRACT 

 
A practically equilibrium five-year cycle has been achieved at Dukovany NPP over the 

last years. This means that working fuel assemblies (WFA) with an average enrichment of 
4.25 w% (control assemblies (CA) with an average enrichment of 3.82 w%, standard fuel 
assembly(ies) (FA)) are normally loaded and reloaded for five years. Operation at uprated 
power (105% of the original one, increase from 1375 MWt to 1444 MWt) is being prepared by 
use of WFA with an average enrichment of 4.38 w% (CA with an average enrichment of 4.25 
w%). There are two principal means to achieve this. First, it is necessary to use fuel 
assemblies with higher fuel enrichment and second, to use fuel loading with very low 
leakage. Both these conditions are presently fulfilled at Dukovany NPP. 
 

With the aim of fuel cycle economy improvement, the fuel residence time in the core 
has to be prolonged up to six years with one cycle duration time up to 18 months and 
preserving loadings with very low leakage. In order to achieve this goal, at least neutron-
physical characteristics of FA must be improved and such changes must be evaluated from 
other viewpoints. Some particular changes have already been analyzed earlier, such as 
different Gd2O3 content in selected fuel pins of an FA or application of FA with different 
Gd2O3 content in one loading. 

 
Improvement of n-ph properties of an FA can be achieved by a combination of its 

characteristics, the most important of which is fuel enrichment enhancement, but also the 
other ones, such as enhancement of fuel mass, pin pitch enlargement and fuel assembly 
shroud thickness reduction along with preservation of satisfactory features. 

 
Designs of new fuel assemblies with higher (and in the central part of an FA the 

highest possible, i.e. 4.95 w%) enrichment with preserving low pin power non-uniformity are 
described in the paper. A FA with an average enrichment of 4.66 w% containing six fuel pins 
with 3.35 w% Gd2O3 content (lower than originally evaluated) was selected in the end. Fuel 
pins have bigger pellet diameter (7.8 mm instead of 7.6 mm), bigger pin pitch (12.4 mm 
instead of 12.3 mm) and thinner (1.0 mm instead of 1.5 mm) FA shroud. 

 
A newly designed FA was evaluated from the viewpoint of physics (pin power non-

uniformity, criticality of fuel at transport and storage and determination of basic quantities for 
spent fuel storage purposes by ORIGEN code), {The burn-up scale was chosen in a range 0 
– 72 MWd/kg and cooling time 100 hours – 80 years. These quantities are as follows: 
activities of chosen nuclides; energy distribution of gamma sources; gamma energy of: 
radioactive decay, spontaneous fission, (α,n) reaction; neutron sources of: spontaneous 
fission, (α,n) reaction on UO2; energy source of charged particles from: α, β radioactive 
decay, fission products of spontaneous fission; activity of: fission products, actinides and 
corresponding decay chains, activated fuel assembly design materials; total gamma energy 
of fuel assembly; total neutron source of fuel assembly and total activity of fuel assembly}, 
thermo-hydraulics (comparison of sub-channel output temperatures and the departure from 



nucleate boiling ratio - DNBR) and mechanical properties {Abaqus/CAE and Abaqus/ 
Standard, Explicit, version 6.7 and 6.8 was used as Finite Element Method (FEM) software 
package for setting up the model and numerical analyses. The purpose of this study was to 
simulate an FA undergoing the loads during its six- year lifetime whereas normal working 
conditions were taken into account. There are presented two models undergoing the 
following analyses. The first model with default shroud thickness of 1.5 mm is compared with 
the second one, whose shroud thickness was reduced down to 1.0 mm. Both models also 
undergo buckling shroud analyses. Next the maximum inner excessive pressure limits (as a 
consequence of accident conditions) were determined. Furthermore the low shroud thickness 
limit for loads representing normal working conditions was assessed. The model, whose 
shroud thickness was reduced down to 1.0 mm, was subjected to a low cycle fatigue 
analysis. For this purpose the States software was used. All results were evaluated 
according to NTD A.S.I., Section III.} 
 

Possibilities of fuel cycles are evaluated on model loadings with the newly designed 
FA, where the base are loadings for 27th – 34th cycles of the third unit of Dukovany NPP for 
uprated power. These cycles were prolonged (from approx 330 FPD to 370 FPD) using FA 
with higher enrichment. Moreover, newly optimized loadings of a length of up to 480 FPD (18 
months) were considered. The transient process started from the last of the set of loadings 
(27th – 34th) for uprated power. These loadings are taken as reference ones and results of 
18-month cycles are compared with them. Newly designed fuel assemblies were loaded 
regularly in 18-month cycles. Average enrichment of CA was 4.38 w%. Transient loadings 
are formed by cycles 35-37 and an equilibrium cycle is created by cycles 38 and 39. Each 
cycle was optimized individually and fuel assemblies intended for unloading were determined 
for each cycle separately. An equilibrium cycle is realized by three consecutive loadings with 
16 fresh WFA and 2 fresh CA. Basic characteristics of a reference cycle and 18-month cycle 
were compared. Optimization was performed by the OPAL_B code on the basis of 3D n-ph 
calculations of the MOBY-DICK code with the target function Fdh < 1.51. 

 

Consecutive thermo-hydraulic calculations were executed following the core neutron-
physical analysis that had been carried out by the MOBY-DICK code in the 1/6 core 
symmetry. These thermo-hydraulic calculations were executed for loadings of both existing 
and newly designed fuel assemblies. The calculations were carried out by the sub-channel 
CALOPEA code for the beginning, middle and end of cycles no. 33, 34, 38 and 39 core 
loadings of Unit 3 Dukovany NPP. The calculations confirmed that DNBR determined by PG-
S correlation had exceeded the correlation limit in no calculation point. This fact provides at 
least 95% probability, with 95% confidence, that DNB is avoided based on the DNBR 
correlation being used. The assembly outlet temperature had exceeded the outlet 
temperature limit of 318 °C in no calculation point. Thus the requirements for safe thermal 
power extraction from the core were met for all calculated points. 

 
Fast neutron fluences (calculated by TORT transport code based on neutron sources 

calculated by MOBY-DICK code) onto the reactor pressure vessel for proposed 12-month 
and 18-month cycles were also calculated and compared. 

 
 The analyses performed confirmed that fuel cycles using newly designed FA and 
fulfilling basic safety criteria can be designed together with fuel cycle economy improvement. 
 
------------------------------------------------------ 
* Affiliation of co-authors same as author 
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ABSTRACT 
 

A CANDU fuel element becomes defective when the Zircaloy-4 sheath is breached, allowing 
high pressure D2O coolant to enter the fuel-to-sheath gap, thereby creating a direct path for 
fission products (mainly volatile species of iodine and noble gases) and fuel debris to escape into 
the primary heat transport system (PHTS) [1-7].  In addition, the entry of high-pressure D2O 
coolant into the fuel-to-sheath gap may cause the UO2 fuel to oxidize, which in turn can augment 
the rate of fission product release into the PHTS [8, 9].  The release of fission products and fuel 
debris into the PHTS will elevate circuit contamination levels, consequently increasing radiation 
exposure to station personnel during maintenance tasks [1-7].  Moreover, the continued operation 
of a defective fuel element may result in a diminished thermal performance if the thermal 
conductivity and the incipient melting temperature of the UO2 fuel are reduced due to fuel 
oxidation effects [9].  It is therefore desirable to discharge defective fuel as soon as possible.  
Hence, a better understanding of defective fuel behaviour is required in order to develop an 
improved methodology for fuel-failure monitoring and PHTS coolant activity prediction. 
 
Several codes have been previously developed for fuel-failure monitoring in CANDU [3, 5, 6], 
LWR [10-12] (PWR and BWR), and WWER [13, 14] reactors.  Most tools use a steady-state 
coolant activity analysis, where a Booth diffusion-type model [15, 16] is used to describe the 
fission product release from the UO2 fuel matrix into the fuel-to-sheath gap, and a first order 
kinetic model to consider the transport, hold-up, and release of volatile fission products from the 
fuel-to-sheath gap into the PHTS coolant.  It is therefore necessary to use an empirical diffusion 
coefficient D´ to account for the fission product diffusion in the UO2 fuel matrix and an escape 
rate coefficient ν for the release from the fuel-to-sheath gap into the PHTS coolant.  However, 
these parameters are not constant in time as they are influenced by the defect condition, which 
can deteriorate as a result of secondary sheath hydriding and additional mechanical stresses on 
the brittle sheath [7].   
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With further deterioration of the fuel element, there is less hold-up of fission products in the fuel-
to-sheath gap.  In addition, it has been shown that the fission product diffusivity is enhanced with 
continued fuel oxidation [8, 9].  Moreover, complex thermalhydraulic effects will come into 
effect on shutdown as the UO2 fuel pellets contract and D2O coolant enters the fuel-to-sheath 
gap.  Furthermore, the gap escape rate coefficient ν is further enhanced due to Nernst ionic 
diffusion as iodine is dissolved from exposed surfaces (mainly UO2 fuel and sheath material) 
with contact by liquid D2O coolant on reactor shutdown.  On the subsequent startup, the 
expansion of the UO2 fuel pellets will force liquid D2O coolant (with dissolved iodine) and any 
residual noble gas out of the fuel-to-sheath gap, resulting in an additional convective release of 
fission products.  These complicated effects can in fact be modelled via a variable gap escape 
rate coefficient ν and diffusion coefficient D´, which specifically requires a time-dependent 
model. 
 
As a further limitation of earlier fission product release computational tools that use a steady-
state analysis, it is possible to trade off the effects of the gap escape rate coefficient ν (which 
characterizes the defect size) against the element linear power P (which affects the empirical 
diffusion coefficient D´).  In addition, a steady-state analysis requires a greater number of 
isotopes of both noble gases and iodines for a more accurate assessment.  Moreover, there is a 
preponderance of coolant activity data that involves time dependence associated with reactor 
transient conditions.  Hence, a more general treatment is needed in order to effectively make use 
of all available data (steady-state and transient), that is applicable in all operating reactor 
conditions, and which accounts for the changing condition of the defect. 

 
Previous work in Ref. [7] focused on the development of a general fission product release model 
for defective fuel using the COMSOL Multiphysics finite-element commercial platform.  The 
current work synthesizes all previous theoretical treatments with the solution of the general time-
dependent model introduced in Ref. [7] using a custom-developed finite-difference variable-
mesh (FDVM) numerical treatment as a stand-alone tool (code).  This model, entitled STAR 
(Steady-state and Transient Activity Release), is able to specifically predict the fission product 
activity behaviour in the UO2 fuel matrix, fuel-to-sheath gap, and PHTS coolant, while 
respecting the overall fission product mass-balance under all reactor operating conditions, 
including: startup, steady-state, shutdown, and bundle-shifting manoeuvres.  In addition, an 
improved ability to predict the PHTS coolant activity of the Xe-135 isotope in commercial 
reactors is discussed.  Moreover, a method to approximate both the burnup and the amount of the 
tramp uranium deposits in-core, as well as the tramp uranium fission rate is proposed.  The 
model parameters are derived from in-reactor experiments conducted with defective fuel 
elements containing natural and artificial failures at the Chalk River Laboratories (CRL).  The 
STAR code has also been successfully validated against analytical solutions to the release-to-
birth ratio R/B of both short and long-lived fission product species, as well as the specific 
analytical solution to the coolant activity of 129I.  In addition, STAR has been benchmarked 
against several documented defect occurrences in a commercial reactor.  Lastly, the performance 
of the FDVM numerical algorithm implemented in the stand-alone STAR C++ code has been 
benchmarked against the COMSOL Multiphysics finite-element implementation described in 
Ref. [7]. 
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Leaching Studies on ACR-1000® Fuel Under Reactor Operating Conditions 
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ACR-1000®1 is the latest nuclear power reactor being developed by AECL.  The 
ACR-1000 fuel uses a modified CANFLEX®2 fuel bundle that contains low-enriched 
uranium and pellets of burnable neutron absorbers (BNA) in a central element.  
Dysprosium and gadolinium are used as the burnable neutron absorbers and are present 
as oxides in a “fully-stabilized” zirconia matrix.  The BNA material in the centre element 
is designed to limit the coolant void reactivity of the reactor core during postulated loss-
of-coolant accidents. 
 
As part of the ACR-1000 fuel development, the stability of the BNA material under 
conditions associated with defects of the Zircaloy sheathing of the BNA central element 
has been investigated.  The results of these tests can be used to demonstrate the phase 
stability and leaching behaviour of the ACR-1000 fuel under reactor operating 
conditions.  The samples were disks, about 3-4 mm thick, obtained from BNA pellets and 
CANDU fuel (natural uranium UO2) pellets (the UO2 measurements provide a reference 
point).  Leaching tests were carried out in light water at 325°C, above the maximum 
coolant temperature in an ACR-1000 fuel channel during normal operating conditions 
(319oC).  This temperature also bounds the maximum operating temperature for the 
current CANDU reactors (311oC).  The initial pH of the solution (measured at room 
temperature) used in the leaching tests was 10.3.  The leach rates were determined by 
monitoring the amount of metals leached into solutions.  Leaching tests were also carried 
out with BNA pellet samples in the presence of Zr-2.5%Nb pressure tube coupons to 
determine the effects, if any, of the presence of pressure tube material on leach rates.  
Other leaching tests with BNA pellet samples and UO2 pellets were conducted at 80°C to 
study the effects of temperature on the leach rates.  The temperature of 80°C was selected 
as representative of typical shutdown temperatures experienced in current CANDU 
reactors and anticipated for ACR-1000 operation. 
 
The effect of leaching on the stability of the BNA pellets was investigated using X-ray 
diffraction (XRD) and density measurements.  The BNA samples used in the leaching 
tests did not appear to suffer any phase change during the leaching tests.  The results of 
the leaching tests indicate that very little dysprosium and gadolinium will leach out from 
the BNA pellets under reactor operating conditions. 
 
sunders@aecl.ca 

                                                 
1 ACR-1000® (Advanced CANDU Reactor®) is a registered trademark of Atomic Energy of Canada 

Limited (AECL). 
2 CANFLEX® is a registered trademark of Atomic Energy of Canada Limited (AECL). 
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The rare incidence of a sheath defect in a fuel element causes ingress of the water coolant 
into the fuel-to-sheath gap, and the release of fission products into the heat transport 
circuit. The coolant vapourizes upon contact with the fuel surface, and reacts with the 
uranium dioxide fuel to produce hyperstoichiometric UO2+x. Hyperstoichiometric fuel 
exhibits degraded thermal performance, a lower incipient melting point, and enhanced 
fission product release. 
 
To address these phenomena, a defective fuel performance model has been proposed. 
This model involves coupling a fuel performance treatment, initially developed for intact 
fuel, with a defective fuel oxidation model so as to account for the effects of 
hyperstoichiometry on fuel performance. The model also considers the dynamic fuel-to-
sheath gap effects which are important for defective fuel models 
 
Within the UO2 fuel. the heat transport model accounts for volumetric fission heating as 
well as fuel burnup- and restructuring-dependent material properties. The fuel 
deformation is physically modelled, including the effects of thermal expansion, fission 
gas swelling, and fuel densification. The fission gas release model uses the Booth 
diffusion equation for spherical grains to calculate the intragranular diffusion and the 
buildup of fission gases on the grain boundaries. This treatment accounts for grain growth 
and a variable gas diffusion coefficient. The fission gas release to the fuel-to-sheath gap 
is calculated while accounting for fission gas saturation along the grain surfaces.  
 
The fuel-to-sheath gap initially contains helium, with fission gases being introduced to 
the gap with burnup. The gap is physically modelled to account for gap closure due to 
fuel expansion and sheath creep-down, the latter effect being relevant to the CANDU 
(CANadian Deuterium Uranium) fuel design. The gap heat transfer model includes the 
change in thermal properties and pressure due to the time-dependent introduction of 
fission gases from the fuel. The effects of surface roughness and the interfacial pressure, 
which occur with physical contact between the fuel and sheath, are also taken into 
account. The physical model of the zircaloy sheath includes the effects of thermal 
expansion, elastic deformation, and creep-down. The heat transfer model for the sheath 
includes the variation in thermophysical properties with temperature. Current work is 
focused on fully accounting for the physical interaction between the fuel and the sheath 
with gap closure. 
 
The fuel performance treatment for intact fuel is a time-dependent model, permitting the 
simulation of both normal operation and accident conditions. The model is solved by the 



finite-element method using COMSOL Multiphysics, a commercial software package. 
The model predictions are currently being assessed with respect to existing industry-
standard toolsets used to simulate fuel behaviour for both steady-statei and transient 
conditionsii. Upon validation, the fuel performance model for intact fuel will be coupled 
to an already-developed fuel oxidation model to account for defective fuel behaviour. To 
maintain numerical simplicity and robustness, the current treatment represents the fuel 
element using a one-dimensional radial geometry assuming azimuthal symmetry. The 
feasibility of expanding the treatment to two or three dimensions is being explored. 
 
The fuel oxidation treatmentiii, also developed on the COMSOL Multiphysics platform, 
involves the simplification of a previously published mechanistic treatmentiv for 
improved robustness and ease of implementation into the fuel performance treatment. 
The current model accounts for radial diffusion of interstitial oxygen in the solid under 
the defect site.  Axial oxygen transport is modelled with a first-order kinetic approach.  
This treatment further considers the oxygen potential in the fuel based on correlations 
developed from the more sophisticated mechanistic treatment. A thermodynamic 
treatmentv provides the boundary condition of the equilibrium state of the oxidized fuel. 
 
The oxidation model has been validated against available oxygen-to-metal profile data 
obtained with a coulometric titration method at the Chalk River Laboratories for pellet 
samples taken from ten irradiated defective elements discharged from commercial 
reactorsvi. The model has also been used to predict transient temperature behaviour of 
defective fuel under accident conditionsvii. 
 
The proposed defective fuel performance treating, coupling the fuel performance model 
to the defective fuel oxidation model would include the effects of degraded thermal 
performance in the fuel, as well as enhanced fission product diffusion and release. In 
addition, the gap model would be adapted to account for the introduction of coolant 
through the sheath defect, including the effects on fission gap transport, fuel-to-sheath 
heat transfer, and pressure equalization between the gap and the coolant. The model 
would be able to predict the release of fission products into the coolant stream, and can 
thus be validated against available coolant activity data. 
 
                                                 
i  G.G. Chassie, K-S. Sim, B. Wong, G. Papayiannis, “ELESTRES Code Upgrades,” AECL, 9th 
International CNS Conference on CANDU Fuel, 2005. 
ii A.F. Williams, “The ELOCA Fuel Modelling Code: Past, Present and Future,” 9th International CNS 
Conference on CANDU Fuel, 2005. 
iii K. Shaheen, “A Semi-Empirical Oxidation Model for Defective Nuclear Fuel,” MASc Thesis, Royal 
Military College of Canada, December 2007. 
iv J.D. Higgs, B.J. Lewis, W.T. Thompson and Z. He, “A conceptual model for the fuel oxidation of 
defective fuel,” J. Nucl. Mater. 366 (2007) 99-128. 
v W.T. Thompson, B.J. Lewis, F. Akbari and D.M. Thompson, “Part I: Thermodynamic Modelling of 
Uranium Oxidation of the Fuel Oxdiation in Support of Fission Product Transfer from Defective Fuel,” 
Light Water Reactor Fuel Performance Conference, Orlando, Florida, September 19-22, 2004. 
vi R.A. Verrall, Z. He, J.F. Mouris, “Characterization of fuel oxidation in rods with clad-holes,” J. Nucl. 
Mater. 344 (2005) 240-245. 
vii H.E. Sills, “Darlington NGS Phenomena Identification and Ranking Table for a Critical Break Large 
LOCA,” Nuclear Safety Solutions report CG037/RP/001, March 30, 2006. 
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Paks NPP in Hungary operates 4 Units of VVER-440 reactors now with uprated nominal power to 510 MW. In order
to improve fuel cycle economy on the uprated power, 4.2 wt% enriched fuel is planned to use from 2010. Before start
the application with full reload batch, a lead test program of 18 assemblies is planned on Unit 4 in 2009. The purpose
of test is to verify advanced coolant mixing model to describe outlet temperature reading precisely. Coolant mixing in
the assembly head of VVER-440 fuel is still an open question, recently new model is developed in Hungary with the
help of CFD calculations as well as using huge amount of operational data. This paper will shortly describe the model
and also show the first test results from the Unit 4 lead test program. 
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ROBUSTNESS IN THE DESIGN AND MANUFACTURE OF THE AP1000 FUEL ASSEMBLY 

Sumit Ray, Director, New Reactor Fuel Engineering, Westinghouse Electric Corporation, Monroeville, PA 
 
This paper will describe the significant set of measures that are being taken by Westinghouse to ensure that the fuel 
for AP1000 reactors operates flawlessly and meets all of the requirements of  the INPO 2010 from the very 
beginning of plant operation. 

The INPO 2010 initiatives and the associated EPRI Fuel Reliability Guidelines, developed by utilities and 
fuel vendors under EPRI sponsorship, provide a valuable template that Westinghouse has been following in the 
design & development of the AP1000 fuel assembly, as well in the planning for the manufacturing campaign. In 
addition, planning is underway for surveillance programs that will provide early feedback on AP1000 fuel 
performance trends. 

The Westinghouse AP1000 flawless fuel program consists of four main elements. These are: 1) Implement 
a comprehensive set of measures in the design and manufacture of AP1000 fuel to ensure that all possible defect 
mechanisms have been addressed in as proactive a manner as possible 2) Address any plant design issues during the 
AP1000 plant design finalization process that can adversely impact fuel performance 3) Specify bounds of reactor 
operation and implement through a monitoring process using the Westinghouse  BEACONTM software and 4) 
Support the above with a set of robust post irradiation programs to obtain early feedback on fuel performance. 

The key fuel failure mechanisms addressed are consistent with Westinghouse experience as well as the 
INPO 2010 initiatives. These include grid to rod fretting, PCI, debris, crud induced corrosion and manufacturing 
related issues that can lead to fuel failure. This paper will describe the specific analysis, testing, as well as the 
design and manufacturing process enhancements that are being incorporated into the AP1000 fuel design to address 
each one of these mechanisms. The risk factors assessed for each failure mechanism are based on extensive 
Westinghouse as well as the broader industry experience, with specific focus on the EPRI fuel reliability guidelines. 

Some of the key specifics that will be addressed in more detail in this paper are discussed below: 
1) Grid to Rod Fretting: Early Analysis using Computational Fluid Dynamics showed the presence of inlet 

flow distributions that could increase the risk of fretting related failures. In response to this, a flow skirt 
was added and other changes were made to the core plate to make the flow distributions more favorable. 
Also, scoping tests were performed early on in the program to determine the vibration characteristics of the 
AP1000 fuel assembly. Based on the results of these tests, the AP1000 grid designs have been further 
enhanced to ensure that any possibility of grid to rod fretting failures has been eliminated. 

2) PCI: The AP1000 plant utilizes the MSHIM strategy, in which “Gray” control rods rather than soluble 
Boron are utilized for all load follow maneuvers. The AP1000 rod control system and Gray rod design 
have been finely tuned to ensure that the key PCI related risk factors, as delineated in the EPRI Fuel 
Reliability Guidelines, are maintained within the previous Westinghouse experience base. Margins will be 
monitored using Westinghouse’s BEACONTM core monitoring software. In addition, significant 
manufacturing improvements will be utilized to minimize the risk for pellet imperfections, a factor which 
has been shown to be a specific risk factor in causing PCI failures. 

3) Debris: One of the key concerns during the first cycle of any reactor is the presence of construction debris 
and its potential impact on fuel failures. Westinghouse is placing significant focus on a robust FME 
management process during all aspects of construction. In addition, improvements are being made to the 
AP1000 fuel assembly to further enhance its debris protection characteristics. These will be discussed in 
more detail in the paper. 

4) Crud Induced Corrosion: Consistent with EPRI fuel reliability guidelines, detailed crud induced corrosion 
risk assessments have been performed for the AP1000 cores to demonstrate that these are within the 
experience base of existing designs. These results will be presented in the paper. In addition, specific 
additional actions, including Chemistry specifications, and Zinc addition, will be discussed. 

5) Manufacturing: A summary of manufacturing process improvements that are being implemented on the 
AP1000 production campaign will be discussed. Specific focus will be placed on improvements to pellet 
and clad quality: however, improvements to other aspects of the fuel assembly will also be discussed. 

 
Finally, the paper will discuss the rationale behind the planning process that is underway for the performance of fuel 
surveillance and inspection of the initial AP1000 cores.
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AREVA NP is a supplier of nuclear fuel assemblies and associated core components to Boiling 
Water Reactors worldwide, representing today more than 60 000 fuel assemblies.  

Since first delivered in 1992, ATRIUM™10 fuel assemblies have now been supplied to a total of 
32 BWR plants in the US, Europe, and Asia resulting in an operating experience over 20 000 fuel 
assemblies. Among them, the latest versions are ATRIUM™ 10XP and ATRIUM™ 10XM fuel 
assemblies which have been delivered to several utilities worldwide. During six years of operation 
experience reaching a maximum fuel assembly burnup of 66 MWd/kgU, no fuel failure of 
ATRIUM™ 10XP/XM occurred. 

Regular upgrading of the fuel assemblies’ reliability and performance has been made possible 
thanks to AREVA NP’s continuous improvement process and the “Zero tolerance for failure” 
program. In this frame, the in-core behavior follow-up, manufacturing experience feedback and 
customer expectations are the bases for setting improvement management objectives. As an 
example, most fuel rod failures observed in the past years resulted from debris fretting and Pellet 
Cladding Interaction (PCI) generally caused by Missing Pellet Surface. To address these issues, 
the development of the Improved FUELGUARD™ debris filter was initiated and completed while 
implementation of chamfered pellets and Cr doped fuel will address PCI aspects. In the case of 
fuel channel bow issue, efforts to ensure dimensional stability at high burnup levels and under 
challenging corrosion environments have been done resulting in material recommendations and 
process developments. All the described solutions will strongly support the INPO goal of “Zero 
fuel failures by 2010”. 

In a longer perspective, the significant trend in nuclear fuel operation is to increase further the 
discharge burnup and/or to increase the reactor power output. In the majority of nuclear power 
plants worldwide, strong efforts in power uprating were made and are still ongoing. Most of the 
U.S. BWR plants do or will operate on 120 % of the initial rated power and the same trend with 
uprates between 10 – 35 % is valid for most European BWR plants. For the individual fuel bundle, 
the average power is hence increased proportionally which reduces the core loading flexibility, 
the margins to PCI and the critical bundle dryout power.  



AREVA NP has developed a BWR fuel assembly to meet the enhanced reliability and operating 
demands of the next decade of all BWR plants. In this challenge, the decision to move to an 
11x11 fuel rod array was a clear consequence driven by our customers’ expectation of a high 
performing fuel at a maximum of reliable, flexible and problem-free operation. A major design 
optimization goal was to increase the heated length in the fuel assembly to fully or partly 
compensate the reactor power increase. Less power load on a fuel rod enables high burnup with 
less operating restrictions and much lower risk of damage. 

Today, the dryout performance of our available ATRIUM™ 10XM product is excellent and an 
ambitious benchmark for any new fuel design. More heated length will generally raise the critical 
power. The design goal was set to achieve the fuel utilization improvement goal while not 
degrading dryout performance compared to this existing fuel product. Besides the lattice design 
itself, the spacer grid design plays the key role for achieving high critical power and, at the same 
time, is strongly impacting the total fuel assembly pressure drop. Since 2005, various spacer grid 
design concepts were investigated and tested. Finally, an evolution of the egg-crate 
ULTRAFLOW™ spacer design featuring integrated springs and improved vane geometry will 
provide an optimum of performance, resistance against debris capture and robustness.   

The ATRIUM™ 11 will also feature a fully symmetric rod array with a centrally positioned square 
internal water channel. It provides the load-carrying structure as in our current ATRIUM™ fuel 
family as well as the best balance between neutronic efficiency, thermal hydraulic impact, simple 
spacer grid positioning and easy handling. The safe and service proven locking mechanism to the 
load chain provides a quick and simple upper tie plate removal and an inspection friendly 
identification of the locking state. 

Since 2009, AREVA NP offers the Improved FUELGUARD™ debris filter for the ATRIUM™ 10 
product family. A further improvement step in debris filtering efficiency will be realized for the 
ATRIUM™ 11. The improved debris resistance will be paired with enhanced margins against PCI 
by having a reduced fuel rod power load and chromia doped fuel with chamfered pellets.  

Besides utmost reliability, a competitive fuel assembly must provide significant economical 
benefits to customers; and the ATRIUM 11 delivers improved fuel utilization and minimized fuel 
cycle costs. The ATRIUM™ 10XM served as a benchmark representing AREVA NP’s current fuel 
product with the best fuel utilization. The major contributor to these excellent results was an 
optimized 11x11 fuel rod array in the radial and axial direction. The axial fuel distribution with 112 
fuel rods in the lower part supports a very efficient bottom peaked power distribution. Twenty part 
length fuel rods with different lengths and a fuel channel with increased inner width provide 
sufficiently low pressure drop and good stability behavior. The uranium fuel weight will be further 
increased compared to the ATRIUM™ 10XM. 

An extensive design testing and verification program is being conducted which will validate the 
design prior to its first insertion in a reactor. The development schedule, including the qualification 
for manufacturing, is set up to offer ATRIUM 11™ lead test assemblies in mid 2011. The 
ATRIUM™ 11 demonstrates AREVA NP’s strong commitment to offer leading BWR fuel 
technology to our worldwide customers in the next decade. 

 

ATRIUM, ULTRAFLOW and FUELGUARD are trademarks of AREVA NP 
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3-D Modeling of Fuel Assemblies Growth and Bow for
EDF PWRs

B. Levasseur, G. Chaigne, R. Fernandes (EDF-FRANCE)

Fuel assembly bow resulting from reactor operation is a key concern since if it reaches excessive values it can affect
both the operating performance (grid damage during refueling) and the safety (Incomplete Rod Insertion) margins.
Prediction of fuel assembly bow is a challenging task because it is a multi-physic (involving mechanics, thermo-
hydraulics, fluid-structure interaction and material aspects of the assemblies) and multi-scale process (from local
phenomena such as fuel rod-to-grid contact to large scale phenomena such as the hydraulic loads caused by core flow).
Experimental tests on fuel assemblies can be used to investigate some of the phenomena found in the bow process.
However, it is difficult to develop an accurate prediction of assembly bow solely based on an experimental approach
since a test can not be performed using all the representative PWR conditions (temperature, pressure, irradiation, inter-
assemblies interaction, full core effects, etc). Consequently, a computer model for the prediction of the fuel assembly
bow is needed.

EDF has been developing for several years a bow assembly model called MAC3. The objectives of this model are to
improve the accuracy of the current assembly bow prediction and to provide a tool to assess for the effects of fuel
assembly design modifications or new products. MAC3 is a non-linear static model based on the EDF finite element
analysis code Code_Aster. MAC3 has been developed in two stages : (i) in the first stage a single fuel assembly bow
model was built and benchmarked, (ii) in the second stage, the single assembly model was extended to a full 3-D core
model. MAC3 model is now able to simulate fuel assembly bow behavior through several in-reactor cycles, taking into
account the mechanical loadings (including axial and lateral forces due to fluid circulation in the core), the thermal
loadings and the irradiation effects (axial creep, growth and relaxation). The full core model takes into account the bow
propagation through contact between adjacent fuel assemblies and the loads caused by the coolant circulation in the
core. These hydraulic forces are evaluated using the thermohydraulic core code THYC and then implemented as
external forces action upon each fuel assembly.

This paper provides an overview of the MAC3 model, including the simplified geometry used to represent the
skeleton, the fuel rod bundle and the different connections between components. The calibration of the model to the
fuel assembly parameters such as the geometry, mass and material properties is also discussed. This calibration is
carried-out by replicating the results of various mechanical tests performed on a fuel assembly dummy. The paper also
presents an application example, which consists in a realistic full core configuration. The assembly bow predicted by
MAC3 model are then compared against available fuel assemblies bow measurements at the end of the cycle. The
comparison shows a reasonable agreement between MAC3 calculations and the on-site bow measurements.
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Statistical Comparing Method for Debris Filtering
Effectiveness
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Fuel failure due to debris is one of the largest failure causes in PWR fuel assembly. Pieces of debris involuntarily enter
the fuel assembly, which may be trapped between fuel rods. If these are trapped for a long enough time, it can wear the
fuel rod by fretting. PWR fuel vendors have developed the anti-debris features, but there is difficulty in judging the
effectiveness of the features that need to be monitored for a long time. Consequently, the need to save time and money
led to study of ways to obtain more information using smaller test samples. Since reactor conditions cannot be exactly
simulated in test facilities, it needs to evaluate the debris filtering effectiveness based on the test results. Especially, it
is necessary to standardize the type of debris for the relative evaluation, because test results depend on the debris types,
such as wires and metal chip etc. and test duration time. The relative evaluation method is discussed through
simulation test and statistical analysis of sample test results. The debris filtering tests of several grid types are
performed using more than twenty debris groups, and the debris types consist of wire, metal chip and flat. The
effectiveness of each grid is expressed as the percentage of debris trapped at debris filter grid. However, not having
adequate time and data to test, it is more meaningful to find relative difference in the averages of debris filtering
percentage between different grids. Analysis of variance, ANOVA is a method of testing the equality of three or more
population means by analyzing sample variances. Therefore, ANOVA method is applied to the test results to show that
ANOVA is an effective method to detect difference in effectiveness of various debris mitigation features. Through this
study, it is shown that the statistical comparing method is useful to compare the debris filtering ability of grids more
objectively and select final design among various developed debris filtering features.
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Characterization of the Hydraulic Parameters of PWR
Fuel Assemblies

P.R. Rubiolo, G. Chaigne, P. Peturaud, F. Maurel, C. Le-Maitre (EDF-FRANCE)

Coolant flow in PWR core results in strong hydrodynamics forces on the nuclear fuel assemblies. The axial and radial
terms of these flow loads have an important effect on the fuel assembly deformation and thus on its performance and
safety. The net force resulting from the flow axial load and the assembly weight has to be counterbalanced by the
hold-down spring system mounted on the top of the fuel assembly. Moreover, this system has to be carefully sized to
avoid an excessive compressive force on the top of the fuel assembly that could adversely impact the assembly
deformation process. On the other hand, the flow radial term also has a negative impact on the assembly deformation
despite its relative smaller value in comparison to the flow axial load.

Accurate prediction of the core flow distribution and the resulting hydrodynamic forces on the fuel assemblies requires
a good knowledge of the assembly hydraulic parameters and of the overall core flow conditions. In order to better
assess for these parameters EDF has undertaken an important effort in recent years. This effort has been directed to
three main areas: (a) Improvement of the current experimental methodology used for the determination of the fuel
assembly hydraulic parameters, (b) Development of an accurate model and methodology for the evaluation of the
hydrodynamic forces acting upon de fuel assemblies, (c) Implementation of CFD methods for detailed core flow
modeling.

An experimental test aimed to benchmark the hydrodynamic forces model is described in this paper. The main goals of
the experimental benchmark are to validate the current assembly lift force model and to confirm some of the
approximations used in deriving its main equations. Some additional objectives of the test are to improve the current
methodology used to measure the pressure loss coefficients of the assembly components, to evaluate the effect of the
guide tubes plugging devices on the lift force and finally to investigate the variation of the hydraulic parameters of the
fuel assembly at various Reynolds. The paper also presents some CFD predictions used in the analysis of the test
results.
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The fuel assembly for a typical PWR (Pressurized 

Water Reactor) plant suffers severe operating conditions 
during its lifetime such as high temperature, high pressure 
and massive coolant passing through the fuel assembly 
with high speed.  Moreover, recently nuclear fuel is 
requested not only to operate under more severe operation 
conditions for example high burnup, longer cycle and 
power uprate, but also to maintain its integrity in spite of 
the operation severity. Lots of vendors, therefore, have 
poured their endeavor to develop an advanced fuel in order 
to meet these requirements. However, the fuel failures are 
still reported from time to time. 

 
In general, fuel failure mechanisms known as 

significant causes of PWR fuel failure are grid to rod 
fretting, corrosion of the cladding, pellet cladding 
interaction and debris induced fretting. Especially, since 
the fuel assembly is very tall and flexible structure and the 
flow velocity of reactor coolant is pretty high, flow 
induced vibration (FIV) of fuel rod is an inevitable 
phenomenon in PWR fuel and the energy vibrating fuel 
rod continually provided by coolant flow can become a 
root cause of the fuel failure like grid to rod fretting. 
Moreover, the cross flow of the coolant is highly 
susceptible to cause the fluid elastic instability (FEI) which 
produces extraordinarily big amplitudes of the fuel rod 
suddenly and is eventually ended up fuel failure within 
very short-term. The FIV problem, therefore, has to be 
evaluated carefully to avoid unexpected fuel failure.  

 
At present, the susceptibility to vibration damage of 

the fuel rod for OPR1000 plants has been estimated by the 
comparison of natural frequencies of every fuel rod span 
with recognized external excitation frequencies like 
coolant pump blade passing frequencies, vortex shedding 
frequencies and lower support structure vibration 
frequencies. That is, in order to prevent fuel failure due to 
the external excitation, the natural frequencies of 
unsupported lengths of fuel rod were evaluated to assure 

that the natural frequencies of the each fuel rod span are 
not matched with the expected excitation frequencies. 
These evaluations would be insufficient to assure the 
integrity of the fuel rod from fuel rod vibration damage. 

 
The main objective of this study, therefore, is to 

evaluate FEI margin of the PLUS7TM fuel rod for 
OPR1000 plants considering fuel rod configuration change 
due to the in-reactor operation conditions for its whole life 
time. The PLUS7TM fuel is newly developed advanced fuel 
for OPR1000 plants and is now under operation in eight 
OPR1000 plants in Korea.  For the evaluation, three kinds 
of fuel rod finite element analysis model have been 
suggested to represent whole fuel rod configuration 
changes due to the fuel cladding creep down, the fuel 
pellet swelling and spacer grid spring irradiation relaxation 
behavior. Using these models, modal analysis has been 
performed to get their mode shapes and natural frequencies. 
And then, FEI of the fuel rod has been evaluated based on 
the modal analysis results. In this evaluation, the stability 
criteria recommended by ASME code has been used, 
which gives a conservative criterion for avoiding FEI of 
the fuel rod. This evaluation has been performed by 
ROVIN code, which we have developed to perform the 
modal analysis and FEI evaluation at the same time. The 
modal analysis results obtained from ROVIN have been 
compared with those from the ANSYS and the test results. 
And the FEI results from ROVIN have been compared 
with those from conventional code used for Westinghouse 
type fuel based on the Connors’ criteria. 
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Prediction of Grid to Rod Gap for Fuel Rod Vibration
Analysis in PWR Cores

Z. E. Karoutas, M. A. Krammen, Y. Aleshin, R. L. Kesterson, S. F. Grill (Westinghouse-US)

The formation of a fuel rod to grid gap can lead to excessive rod vibration, grid to fretting and fuel failure. The
prediction of grid to rod gap is critical for performing fuel rod vibration analysis in PWR cores and designing to
prevent fuel failures. To predict rod vibration and rod wear for fuel assemblies in PWR cores, the grid to rod gap must
be calculated at all grid cell locations as a function of burnup or fluence. Westinghouse has developed models for
predicting this gap and implemented these models in a code called HIDUTYDRV. This paper describes the gap
models in the code, the preliminary benchmarking of the models to available data and a sample application of the code
to predict grid to rod gap for a typical PWR core.

Several models have been developed to predict grid to rod gap. A model was developed to predict lateral grid growth
as a function of fluence, corrosion hydriding and material properties. There is a model to simulate the thermal
relaxation of the grid rod supports. The fuel rod creep down and axial and radial rod growth models are developed to
predict the rod diameter as a function of fluence and other parameters. These models are benchmarked to available
data and implemented in the HIDUTYDRV code.

HIDUTYDRV is a computer code capable of modeling local power and thermal hydraulic conditions over the entire
life of every fuel rod in the reactor core. It is presently used for fuel rod corrosion performance evaluations, including
fuel rod waterside oxide thickness, fuel duty, steaming or mass evaporation analysis, and local fuel rod crudding
analysis for fuel designs in Westinghouse plants. The grid and rod growth models and thermal relaxation models have
been added to HIDUTYDRV to predict grid to rod gap for every Mid grid cell in the core over the entire life of the
fuel.

The revised HIDUTYDRV code was applied to a typical PWR core with known grid to rod fretting problems. The
code predicted grid to rod gaps as a function of time and fluence for Mid grid cells in all the fuel assemblies in the
core. The largest grid to rod gaps were located in assemblies where excessive grid to rod fretting and fuel failures
occurred in the core. The next step is to utilize the grid to rod gaps as a boundary condition for fuel rod vibration
analysis and rod wear prediction. The overall goal is to have a tool to predict grid to rod fretting margin in fuel
management and to compare rod wear predictions to Poolside wear measurements.

...
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The fuel assembly dimension stability (growth and 
distortion) is important fuel performance characteristic. 
Excessive growth leads to extreme axial force which can 
provoke significant fuel assembly distortion and, ultimately, 
fuel assembly component structural failure. Fuel assembly 
distortion may adversely affect fuel handling, RCCA 
insertability, plant operation, etc. Thus, fuel assembly 
dimension stability should be assessed during design stage 
to ensure that predicted growth and distortion are 
acceptable such no restriction on plant safety and plant 
operation are required.   
 
Traditionally, fuel assembly dimensional stability has not 
been explicitly addressed during design stage. The strong 
design, operating experience and lead test assemblies 
operation data have been required to conclude that a 
particular design has adequate dimensional stability. 
Sometimes, the new design implementation was not 
successful due to limited design and operating experience.  
   
A systematic methodology has been developed to explicitly 
address fuel assembly dimensional stability and reduce risk 
associated with implementing a new fuel assembly design. 
A detailed mechanical fuel assembly model has been 
developed. The model includes all fuel assembly 
components which contribute to fuel assembly dimensional 
stability. Innovative skeleton structure and explicit spacer 
grid models have been proposed to simulate fuel assembly 
component and their interaction. The required material 
properties have been updated to be consistent with 
currently available fuel material inventory. The fuel 
assembly component testing program has been updated to 
provide information required to develop the detailed fuel 
assembly model. 
 
The computer code SAVAN has been used to facilitate fuel 
assembly dimension stability assessment. SAVAN is a two-

dimensional finite element analysis code developed by 
ENUSA. Westinghouse, ENUSA and KNF have agreed to 
upgrade the original SAVAN code to the new methodology. 
 
The upgraded SAVAN code has the capability to support 
four simulation levels. Level 1 simulation is used to 
develop and verify fuel assembly skeleton model based on 
the available design information and skeleton lateral 
stiffness test results. Level 2 simulation addresses fuel 
assembly model development including fuel rod bundle 
model. Level 2 model is verified using fuel assembly 
lateral stiffness test to ensure that a proper balance between 
skeleton and fuel rod bundle lateral stiffness is achieved. 
Level 3 simulation represents a single fuel assembly at in-
core conditions. Level 3 model allows assessing fuel 
assembly growth and dimensional stability at 
representative boundary conditions. It should be noted that 
actual boundary conditions including distortion of the 
neighboring fuel assemblies may not be available at the 
fuel design stage. These conditions are not required to 
complete Level 3 simulation. Level 4 simulation supports 
full core simulation and requires actual boundary 
conditions. Level 4 analysis can be completed at end of the 
design process on as needed basis.   
 
The methodology to assess fuel assembly dimension 
stability on early design stage has been successfully 
implemented during fuel development for the core with 
excessive fuel assembly bow.   
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The Parametric Study of Power Spectral Density (PSD)
and Correlation Length Models in VITRAN Code

R. Lu (Westinghouse Electric Company)

VITRAN (VIbration TRansient Analysis ¨C Nonlinear) is the code developed by Westinghouse to simulate fuel rod
flow induced vibration and fretting wear. The clearances between grid supports and a fuel rod (nonlinearity) can be
modeled in VITRAN. By applying external excitation forces in time domain, VITRAN calculates rod dynamic
responses, support impact forces in time domain. VITRAN also summarizes and analyzes fretting wear results, such as
work rate, wear rates, wear scar depths in statistical parameters. VITRAN can model different types of external forces
acting upon the rod, such as lumped static and dynamic forces, and distributed dynamic force. For a fuel rod in high
axial velocity flow filed, the turbulence force is the dominant source of the external excitation force. Accurately
modeling the turbulence force is the key to obtain correct results from VITRAN simulation. The turbulence forces are
approximately modeled as random Gaussian forces with a constant Power Spectral Density (PSD) between a lower
and upper cut-off frequencies. The approximate PSD model is based an early experimental correlation developed for
axial flow in fuel bundles. The PSD is one of the important parameters used to describe the turbulent force. The other
parameter for describing turbulence excitation force, the correlation length, is equally important. Direct measurement
of the correlation length and PSD is difficult. Very often the PSD and correlation length is ¡°backed out¡± from the
measured vibration amplitudes of, or the forces acting on the tubes instead. Most research works for PSD and
correlation length study were based on linear vibration system. Also, most existing empirical equations, which include
PSD functions and correlation lengths, are used to calculate RMS values of a vibration system in frequency domain.
Those equations and results can not be directly used in VITRAN simulation. In this paper, PSD models combining
with different correlation lengths are applied to simple fuel rod models. By parametric study, the reasonable
correlation lengths and PSD models are selected. By using PSD models and correlation lengths, several simulation
cases are performed by VITRAN code. The results are directly compared with test results. The comparison results
show a reasonable agreement. 
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ABSTRACT 

 
Iberdrola Nuclear Production nuclear fuel management policy has been focused 
in the fuel vendor diversification with the goal to improve the fuel efficiency and 
to maintain the security of fuel supply together with the availability of the most 
advanced fuel design. Thus, the most advanced fuel design developed by each 
vendor has been loaded in the Cofrentes NPP in order to achieve the demaning 
operating conditions including power uprate and cycle length extension. 
 
In order to obtain the above goals, Iberdrola has developed an in-house 
methodology (Giralda Methodology) for the bundle and nuclear design and 
licensing of reload. This methodology, together with the support of fuel vendor,  
has been applied to perform the nuclear and cycle design for the operation of 
this new design to be loaded in Cofrentes next outage scheduled by September 
2009. The GNF2 licensing process is going to be performed taken into account 
the feedback obtained during the licensing process with the Spanish Regulatory 
Body of former fuel designs loaded at the plant, as the SVEA Optima2 
developed by Westinghouse and the Atrium10XP developed by Areva. 
 
Together with the design and licensing process, and associated with the 
expected change in plant water chemistry conditions due to the application of 
the Online Nobel Metal Injection a specific inspection plan has been defined gto 
assure the expected performance of this advance fuel design at the plant. 
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Parametric Studies of the Fuel Rod Vibration in EDF
PWR Fuel Assemblies

C. Richard, G. Chaigne, C. Quentine (EDF-FRANCE)

Fuel assemblies of pressurize water reactors (PWR) are exposed to severe thermal, mechanical and radiation conditions
during operation. These operating conditions and their associates effects (such as creep and corrosion) can lead to a
reduction of the preload forces that hold the fuel rods inside the assembly grids. On the other hand, random flow forces
may result in high levels of fuel rod vibration which coupled with a decrease of the constraints in the grids may result
in an unacceptable rod-to-grid fretting wear. Understanding and controlling the various mechanisms involved in the
fretting-wear process have become important objectives of the nuclear reactor operators such as EDF because of the
need for a continuous improvement of the plant performance.

In order to fulfill these objectives, a transient model, called MAVIC_NL, of the mechanical behavior of a fuel rod has
been developed in the EDF multipurpose finite element code ASTER. This finite element model allows calculating key
fuel rod vibration parameters that have been found to be good predictors of the rod-to-grid fretting-wear performance.
Random forces arising from the turbulence flow are introduced in the model through an experimental correlation
determined in the BECASSINE experimental facility. This paper presents an overview of the fuel rod model and some
of the results of parametric studies carried out for a reference design.



Advances in Forecasting and Prevention of Resonances Between Coolant Acoustical Oscillations and Fuel Rod Vibrations

file:///D|/Documents%20and%20Settings/js137471/Mes%20documents/topfuel/96-2110.htm[11/09/2009 09:59:48]

Contact Author:
Prof. Proskuryakov Konstantin Nicolaevich Proskuryakov 
prosk@npp.mpei.ac.ru
P:7 (495)-362-73-51
F:7 (495) 362-73-51
14, Krasnokazarmennaya str. 

Moscow, 111250
Russia

Advances in Forecasting and Prevention of Resonances
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To prevent the appearance of the conditions for resonance interaction between the fluid flow and the reactor internals
(RI), fuel rod (FR ) and fuel assemblies (FA) it is necessary to detune eigen frequency of coolant pressure oscillations
(EFCPO) and natural frequency of mechanical element’s oscillations and also of the system which is formed by the
comprising of these elements. Other words it is necessary to detune acoustic resonance frequency and natural
frequencies of RI, FR and FA. While solving these problems it is necessary to have a theoretical and settlement
substantiation of an oscillation frequency band of the coolant outside of which there is no resonant interaction with
structure vibrations. The presented work is devoted to finding the solution of this problem. There are results of an
estimation of width of such band as well as the examples of a preliminary quantitative estimation of Q – factors of
coolant acoustic oscillatory circuit formed by the equipment of the NPP. Abnormal growth of intensity of pressure
pulsations in a mode with definite value of reactor capacity have been found out by measurements on VVER – 1000
reactor. This phenomenon has been found out casually and its original reason had not been identified. Paper shows
that disappearance of this effect could be reached by realizing outlet of EFCPO from so-called, pass bands of
frequencies (PBF). PBF is located symmetrical on both parties from frequency of own oscillations of FA. Methods,
algorithms of calculations and quantitative estimations are developed for EFCPO, Q and PBF in various modes of
operation NPP with VVER-1000. Results of calculations allow specifying area of resonant interaction EFCPO with
vibrations of FR, FA and a basket of reactor core. For practical realization of the received results it is offered to make
corresponding additions to the design documentation and maintenance instructions of the equipment of the NPP with
VVER-1000. The improvement of these documents would be important for NPP life time management purposes. In a
similar way it is possible to lead estimation of EFCPO, Q – factors of coolant acoustic oscillatory circuit and PBF for
any of updating NPP with PWR including NPP with supercritical parameters. Certainly, the quantitative characteristics
of EFCPO, Q – factors and PBF will be various for each class of the nuclear reactor. Paper shows what operating
control influences are necessary to remove EFCPO from area of resonant interaction with vibrations FR, FA etc. It is
offered to use instrumentation and control systems to prevent operating of NPP at capacity level which provides
increasing in amplitudes of pulsations of pressure. The increase in demand of the safety of NPP requires further
increase of adequacy between a model and an object. The integrated PSB-VVER test facility is the 1:300 replica of the
prototype reactor VVER with respect to power capacity and volume. The height evaluations of the test facility are the
same as those of the original. The maximum power of heat released by an assembly of fuel rod simulators is 10 MW.
PSB-VVER consists of four loops closed to the reactor model; the latter consists of a down comer section with the
lower mixing chamber, a model of the reactor core (a channel with fuel rod simulators), a bypass of the reactor core
model, and the upper mixing chamber. Each loop contains a reactor coolant pump, a steam generator, and a cold and
hot pipeline. The test facility also includes a pressurizer and an ECCS consisting of three subsystems: a passive one,
which incorporates four hydro accumulators and two active ones (a high-pressure ECCS and a low pressure ECCS).
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Test facility description, scheme and the measuring system are presented. Using such systems the transient processes
have been investigated in accident with loss of coolant from the primary cooling system. The basic mathematical
models for calculation of EFCPO are achieved. These models are intended for both one-phase and the two-phase
EFCPO calculations. Paper presents the results of EFCPO calculation. The result analysis shows that coolant acoustic
characteristics depends from the aggregative state of coolant and also depends from the time interval after emergency
situation with loss-of-coolant beginning. The essential differences of EFCPO in similar acoustic elements were
revealed. As the coolant acoustic oscillations are one of the main reasons which control the vibration level in structure
it is possible to provide conclusion that vibration characteristics of PSB equipment and real object also must be
different. The calculation shows that Q-factor of VVER-1000 is much more than Q-factor of coolant system in PSB.
Taking into consideration this difference it would be possible to forecast that intensity of coolant pressure oscillation in
VVER-1000 will be several times more correspondingly data received by measurements on PSB. These phenomena
could initiate appearance of burnout in reactor core of VVER-1000 while it is absent in PSB experiments. The same
conclusion could be truth for any similar experimental installation, which are used for investigation of transient
processes in passive cooling systems. As it follow from the analysis carried out conditions of geometric similarity of
the PSB VVER are fulfilled only for the core. Lack of geometric similarity for the other elements leads to different
EFCPO values. Taking into account the greater length of the real object tube system EFCPO of the real object are
found to be lesser than EFCPO of the test facility and it results in larger coolant oscillation period under real object
conditions. It leads to non-identical conditions, which define critical heat fluxes for a model and an object in pulsation
conditions. On this account oscillation processes similarity criterion fulfillment becomes one of the most important
condition when modeling emergency systems of the nuclear power plants and loss-of-coolant accidents analysis.
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Proper design of fuel rods for demanding operation regarding BU, power history and materials is the prerequisite 
for safe and economic fuel usage. The availability of reliable tools able to accurately predict the fuel behavior in 
such severe conditions is therefore of great importance. 
COPERNIC3 is an advanced fuel rod performance code developed by AREVA. Inspired from the COPERNIC2, 
CARO-E3 and RODEX4 codes, it incorporates state-of-the-art models largely designed or further developed at 
AREVA NP. Our goal is to accurately predict fuel behavior with special emphasis on the high duty and high 
burnup region for PWR and BWR reactors and modern fuel. 
 
Demanding fuel operation has relevant effects on fuel behavior which must be adequately modeled. 
For example the microstructure and the composition of nuclear fuel at high burnup are different from those of the 
as-fabricated fuel. The changes significantly affect fuel thermal conductivity and porosity, particularly in the 
pellet rim region which is subjected to restructuring. Also, the migration of the fission gas atoms in the fuel matrix 
is affected at high burnup. The result is that the fission gas release (FGR) is enhanced at high burnup and the 
distribution of the fission products between matrix, grain boundaries and rod void volume is drastically changed. 
Other examples are: 
- Evolution of radial power and burnup profiles. 
- Gaseous swelling and increased PCMI. 
- Fuel densification and swelling. 
- Helium production and release, especially for commercial-grade MOX. 
- And other clad specific issues like clad oxidation, fuel rod growth, etc. 
 
The paper will present in a first step the main advanced models implemented in COPERNIC3 and their associated 
databases. Then the code will be appraised by comparing the measurements to the calculated parameters, in the 
whole range of qualification of the code. 
Modeling solutions for the high burnup features are presented in the paper. In addition, all other relevant thermal 
mechanisms that must be properly taken into account and their modeling in COPERNIC3 are described. The 
mechanical modeling is explained with emphasis on new pellet features including creep, cracking, gaseous 
swelling and dish filling trends, occurring especially during high duty conditions. 
 
The global UO2 or MOX fuel modeling at high burnup is supported by a huge database including irradiations 
campaigns conducted in various commercial and experimental reactors. We utilize PWR and BWR commercial 
fuel data (long rods) irradiated mainly in France, US, Germany, Switzerland, Belgium and Sweden at low and 
high duty up to maximum rod average burnup of 100 MWd/kgM and segmented rod PWR and BWR fuel with 
further transient operations in Experimental Reactors (e.g. Studsvik, Osiris, Petten, Mol) and burnups up to 73 
MWd/kgM. 
The thermal modeling is validated through high burnup instrumented irradiation tests (IFA-562 & 597, Extrafort 
…) carried out in the Halden and Osiris experimental reactors. 
Various examples of code benchmarking for representative experimental cases will be plotted for relevant key 
parameters: centerline temperature, FGR, dimensional changes etc. 
 
In conclusion, the paper will show that the observed fuel performance behavior is adequately predicted by 
COPERNIC3 in a wide range of irradiation conditions, for UO2, Gad fuel and MOX at high burnups or powers, 
for both PWR and BWR reactors. 
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INTRODUCTION 

SBR MOX manufactured by Sellafield Ltd at the Sellafield 
MOX Plant (SMP) is currently under both commercial and test 
irradiation. The UK’s National Nuclear Laboratory (NNL) is 
conducting a detailed study of intergranular bubbles in order to 
advance understanding of the comparability of fission gas release 
mechanics between SBR MOX and UO2.  

Intergranular bubbles have been analysed in detail using 
image analysis software to measure the size and shape of 
individual bubbles on grain faces. In WRFPM2008, results of the 
analysis of out-of-pile annealed fuel were presented. The current 
paper focuses on results from UO2 and MOX annealed in-pile (ie 
power ramps), together with molecular dynamics simulations 
which were performed in order to aid understanding of the 
experimental data. 

 
MEASURMENTS OF IN PILE ANNEALS 

Out-of pile anneals confirmed that the diffusion coefficients 
for the different fuel types are comparable and that the evolution 
of bubble morphologies is similar for MOX and UO2 under the 
low hydrostatic stress conditions that exist out-of-pile.  

In-pile anneals show a modified behaviour for both UO2 and 
MOX as compared to out-of-pile anneals: significantly less 
interlinkage is observed in-pile for both fuel types. 

 Observations of high number-densities of bubbles at initial 
nucleation shows that the differing microstructure at higher 
swellings is a result of differences in the development of the 
intergranular bubbles, rather than in their initial nucleation. The 
results show an enhancement to the rate at which coalescing 
bubbles relax to circular projected shapes 

Consideration of the theory behind bubble growth and 
coalescence suggests that an important factor in the relaxation 
process is the limit imposed by grain boundary diffusion of 
vacancies to the bubble. The diffusion of vacancies to the bubble 
is governed by the gradient of the chemical potential along the 
grain boundary surface. The increased hydrostatic stress enhances 
the gradient and leads to rapid morphological relaxation during 
the in-pile anneals. The result is lenticular, rather than vermicular 
bubbles, and reduced interlinkage with grain edges. 

In order to fully investigate these tests the system was 
modelled using molecular dynamics 

 
MOLECULAR DYNAMICS SIMULATIONS 

Molecular dynamics (MD) allows simulation of the 
structural evolution of a material with temperature and pressure 
— the material being represented as an arrangement of atoms 
linked together by bonding forces. MD allows us to probe 
processes that are important in this study such as rates of atomic 
migration., surface reconstruction and coalescence phenomena. 
Geometry optimisation allows us to take a snapshot of a particular 
material and is useful in calculating specific surface energies such 
as boundary forces or bubble "surface tension”. 

 In the first series of simulations, the variation in surface 

energy for specific (stable) surfaces of UO2 with applied gas 
pressure was examined. Slabs of UO2 were modelled and the 
space between the slabs was filled with inert gas (He and Xe were 
used). The slabs of material were of sufficient thickness that the 
two opposing faces did not exert any influence on each other. The 
model of inter-atomic forces used an ionic description of the UO2 
material combined with a Lennard-Jones 6-12 potential model for 
the inert gas. 

 The slab-gas models were equilibrated at a range of 
temperatures and applied external pressures, and the change in 
energy of the slab surface with these variables was measured.  

Results for these simulations showed a number of interesting 
trends. As expected, there was a slight increase in surface energy 
with applied pressure for each surface. It was further seen that the 
different surfaces showed a different degree of response to 
pressure – such that the surface energies converge with increased 
pressure. This is significant, in that reduction in surface 
specificity tends to favour formation of more spherical crystal and 
cavity morphologies. Thus the implication of these results to 
bubble shape is that (all other things being equal) higher pressure 
favours spherical bubbles. 

However, the ions in UO2 are not highly mobile. Surfaces of 
UO2 will not re-arrange in response to pressure unless there is a 
high mobility of carriers for the specific shape change mechanism 
being considered — even when shape change is 
thermodynamically favourable. It has been shown previously that 
the most stable defects in UO2 are oxygen vacancies, and these 
are primarily responsible for the formation, shape and evolution 
of inert gas bubbles. Thus, the change in energy and migration 
rate of these defects has also been simulated. It is worth noting 
that there are significantly more of these defects at grain 
boundaries generally. 

Finally, the array of different bubble shapes implies that the 
UO2 crystal lattice exerts some direction on the migration of 
defects — and from the present work, it would seem likely that 
this directing influence varies with pressure. To probe this, 
simulations have been undertaken which show clearly that the 
crystal structure surrounding any bubble contains inherent 
stresses along certain crystal directions. This stress anisotropy 
would lead to preferential development of porosity in certain 
directions. Most significantly, these stresses are found to reduce 
with applied pressure; thus, there is a reduction in directional 
development of porosity with pressure. 
 
Results from the MD work are consistent with the observational 
study of grain boundaries. Work continues to extend the MD 
models and integrate results with current understanding of fission 
gas release mechanisms. The ultimate goal being to test MOX 
and UO2 parity, and to enhance the ENIGMA fuel performance 
code which is developed by NNL and Sellafield Ltd. 
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Abstract – Plutonium recycling through MOX fuel in Pressurized and Boiling Water Reactors is 
supported by AREVA for more than 20 years. 

 

Globally, MOX fuel assemblies delivered by AREVA to European reactors constitute nearly the 
total MOX world experience. The article presents in detail the irradiation experience acquired 
both in PWRs and BWRs in Europe. A great part of it has been acquired in the twenty 900 MWE 
reactors in France which are currently fueled with MOX fuel assemblies until roughly the third of 
the whole core. On its side, the BWR experience has been gained through the delivery of MOX fuel 
bundles in 9X9 lattice then 10X10 ATRIUM™ 10 to a few German reactors. 

 

Regarding industrial organization and capability, the authorized industrial capacity of MELOX 
MOX fuel assembly manufacturing plant is 195tHM/year since April 2007, and already reaches 
150 tHM per year, 100 of them being supplied to EDF reactors.  

 

Regarding MOX fuel assembly design, AREVA and operating utilities are committed in a 
continuous improvement process since primary design established in the eighties. At the present 
time, MOX fuel assembly discharge burnup currently exceeds 50 GWd/HMt for BWR and 60 
GWd/HMt for PWR fuel. The observed fuel reliability is excellent at least equivalent to the one of 
UO2 fuel with no MOX manufacturing or behavior specific issue. Today, MOX Fuel reference 
design in a French PWR presents a 52 GWd/HMt burnup capability identical to the one of the 
UO2 fuel assemblies (MOX Parity). Moreover, the foreseen evolution of Plutonium isotopic 
composition will result in increasing the MOX Plutonium content when keeping the parity between 
MOX and UO2 fuel. This increase in Plutonium content of MOX fuel will contribute to reinforce 
the attractiveness of recycling. 

The article details the experience feedback brought by the different surveillance campaigns which 
feed the databases supporting the validation of the modelling especially in term of fuel rod 
dimensional behavior and fission gas release. Data on commercial high burnup fuel rods close to 
65 GWd/HMt and on M5® clad fuel rods are now acquired. Special attention is paid to fission gas 
and Helium release evaluation and accuracy of modelling given that the experience gained in the 
latest years generally evidenced a more important amount of release for MOX fuel compared to 
UO2, mainly attributed to the highest heat rates experienced by MOX fuel during their last 
irradiation cycles. The article explains how current and future designs fully integrate theses 
aspects. 

   

Regarding MOX fuel assembly manufacturing, MELOX plant continuously performs constant 
efforts to improve manufacturing processes and pellet microstructure. MELOX is the first high 
capacity industrial MOX manufacturing plant largely automated and able to manufacture all types 
of fuel rods and assemblies to supply LWRs worldwide. The article explains how the plant is 
organized to fulfill this key requirement. The article also describes the improved pellet 
microstructures now manufactured which first all consist in Plutonium agglomerates featuring a 
lower size and a more homogeneous distribution. 



   

 

In the longer term, MOX fuel will be adapted to next fuel managements and reactors, such as 
EPR™ reactors, as well as even more burnt Uranium use. R&D efforts performed by AREVA in 
the frame of co-operating programs with utilities and Research institutes prepare these future 
improvements. The article presents a status of the results gained through on-going actions and 
also enlightens the anticipated future trends. 

 

 

 

 

EPR, ATRIUM, M5 are trademarks of AREVA Group. 
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The alminosilicate(Al-Si-O) additive fuel has been developed by GNF/NFD as a candidate of the PCI/SCC resistant 

material.  The PCI/SCC resistance has been demonstrated by power ramp tests and all the additive fuel rods survived[1].  The 
prominent performance of the additive fuel originates from the microstructure, which contributes to pellet softening, lower 
fission gas release and immobilization of corrosive fission products such as Cd and Cs for SCC.  These characteristics have 
been investigated by several in-pile and out-of-pile tests, and a lot of basic properties and comprehensive PIE of the additive 
fuel have been presented so far[2,3].  As a result, GNF Al-Si-O Additive Fuel is well accepted to be one of the key 
technologies for Defense in Depth concept.  This paper will present two of main characteristics of the additive fuel i.e. 
mechanical properties and chemical effect of additive.  As part of mechanical property, new data on steady state creep and 
yield strength of the fresh additive fuel will be presented.  The creep rate of the additive fuel is higher than standard UO2 
fuel.  The yield strength of the additive fuel is decreased by Al-Si-O addition.  These results imply “softer pellet” which 
reduce stress and strain on the cladding during reactor operation.  Some demonstrations are obtained on the chemical reaction 
between the fresh additive fuel and Cs/Cd.  Firstly, thermodynamic calculations for Cs-M-O system (M = Mo, Zr, Si, Cr) are 
conducted.  The result shows that Cs could react with Al-Si-O and exist as cesiumsilicate in the fuel rod environment, 
indicating chemical trap effect of Cs by Al-Si-O theoretically.  Secondly, the microanalysis and phase identification for Al-Si-
O additive phase by using focused ion beam system (FIB) and transmission electron microscopy (TEM) technique are 
presented.  Finally, the demonstration of chemical reaction between the additive fuel and Cs/Cd is introduced.  The chemical 
reaction of the additive phase with Cs/Cd is confirmed by element mapping of EPMA.  The mapping images consistently 
explain the chemical trap model of Al-Si-O as PCI/SCC remedy.  These mechanical and chemical properties of the additive 
fuel would be important on this advanced fuel technology.  
 
 
[1] J. H. Davies, S. Vaidyanathan and R. A. Rand, Proc. of TOPFUEL, Avignon, France, 1999. 
[2] M. Hirai, T. Hosokawa, R. Yuda, K. Une, S. Kashibe, K. Nogita, Y. Shirai, H. Harada, T. Kogai, T. Kubo and J. H. 
Davies, Proc. of ANS Int. Topic. Mtg. on LWRFP, Portland, OR, 1997. 
[3] K. Une, M. Hirai, K. Nogita, T. Hosokawa, Y. Suzawa, S. Shimizu and Y. Etoh, J. Nucl. Mater, 278 (2000) 54-63.
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Abstract 

 
The effect of grain size on the formation of a high burnup structure (HBS) in a high burnup 

UO2 fuel was investigated using a two-dimensional Potts model. In an open literature, the grain 

size effect was investigated experimentally by observing the Xe depression in the HBS, which 

showed that the grain size (d) dependency weakened from d-1.0 to d-0.5 with increasing burnup. The 

authors concluded that the d-1.0 dependency resulted from the HBS nucleation on grain boundaries 

because the total grain boundary area is inversely proportional to the grain size. However, it did 

not explain the grain size dependency at the higher burnup, d-0.5, and there was a controversial 

experimental observation that the HBS transformation did not always begin on the grain 

boundaries. 

In this paper, a Potts model was implemented for simulating a HBS evolution instead of an 

analytical solution because it could generate snapshots of the evolving microstructure with time, 

which improves the understanding of the HBS evolution phenomena. The Potts model defined a 

microstructure as a two-dimensional 1024×1024 triangular lattice with periodic boundary 

conditions. The Potts model did not try to include a detailed HBS evolution mechanism, but 

instead considered a total system energy change. The system energy was assumed to consist of 

both interface energy and stored energy resulting from the irradiation damage of UO2 matrix. The 

HBS was assumed to be evolved in the case that the system energy of the original microstructure 

in an irradiated UO2 nuclear fuel was so high that the formation of new small HBS grains lowered 

the system energy.  

The simulation results revealed that the HBS was heterogeneously nucleated on the 

intergranular bubbles in the proximity of the threshold burnup and then additionally on the 

intragranular bubbles over a certain burnup. The grain size dependency was about d-1.0 at the 

burnup range where only the intergranular bubbles worked as nucleation sites. Since the bubbles 

in the periphery of UO2 nuclear fuel have low mobility due to low temperature, the intergranular 



bubbles can be formed by the migrations into the grain boundaries and the consequent 

coalescences of the intragranular bubbles located around the original grain boundaries. Therefore, 

the amount of HBS development is proportional to the amount of intergranular bubbles which is 

inversely proportional to a grain size, d-1.0.  At the higher burnup where the HBS was nucleated on 

the intergranular and intragranular bubbles, the grain size dependency weakens from d-1.0 by the 

decrease of grain boundary effect and the HBS seemed to be evolved randomly. This HBS 

nucleation site addition explains the experimental observation why the effect of grain size on the 

HBS changed with increasing burnup. 
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Release of volatile fission products during thermal
annealing of irradiated LWR UO2 fuels

J.-P. Hiernaut, J.-Y. Colle, H. Thiele, V.V. Rondinella, R.J.M. Konings (European Commission - JRC- ITU -
Germany), T. Sonoda, M. Kinoshita (CRIEPI - Japan)

Volatile fission products release during thermal annealing of UO2 fuels irradiated at different burnup and temperature
has been measured with a Knudsen cell mass spectrometer system. The release kinetics and the semi quantitative
analysis of the fission products have been performed for burnups ranging from 27 to 240 GWd/tHM, and for
irradiation temperatures ranging from 500 to 1200 °C. The microstructure of the samples at end of irradiation and after
the laboratory annealing tests has been studied by scanning and by transmission electron microscopy. The thermal
release profiles have been interpreted based on the original microstructure as well as on the evolution of this
microstructure during heating.
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Several decades of optimizing fuels for use in LWR’s has lead to great advances in the 
manufacturing and understanding of fuel behavior during service.  While these advances 
are great, the computer codes for predicting behavior are still based largely on 
computational technologies that are decades old.  These codes are typically 1½-
dimensional, meaning they are one-dimensional and assume radial symmetry.  While 
they use engineering models for simulating many fuel performance behaviors like heat 
transfer, swelling, fission product release, etc., the exact form of the constitutive models 
are empirical, phenomenological models that are obtained experimentally for any change 
in the fuel, such as small changes in composition and pore configuration or in reactor 
performance.  While these fuel performance codes are limited in their abilities, they have 
been invaluable in their contribution to advancing nuclear energy technologies for 
numerous reasons.  They contain decades of knowledge and understanding and make that 
accessible to the entire fuel designer community, enable economical reactor operation by 
predicting fuel behavior and life-time in limited conditions, and are used extensively to 
obtain regulatory approval for operation.  However, the current set of codes is not used 
for fuel design or fuel behavior prediction when the fuel is substantially different in some 
way – be it composition, microstructure, geometry or reactor type – from the current 
fuels. 
 
We are developing computational materials science-based models that are able to over 
come many of these limitations.  In the past two decades, computational technologies 
have advanced on every front from computer architecture, operating systems, 
development of coding languages and solvers to development of models for materials 
behavior incorporating microstructural evolution and other engineering behavior such as 
heat transfer, mechanical state, etc.  We are developing a methodology that brings these 
advances in computation and computational materials science to the simulation of fuel 
behavior to make it more predictive. 
 
Using the Potts kinetic Monte Carlo modeling techniques, we are developing a 
framework that enables simulation of fuel behavior at the mesoscale; microstructure 
features such as bubbles, grains, and other physical features that are salient to the physics 
of fuels performance are resolved.  This microstructure will evolve in response to the fuel 
operational conditions of fission, fission damage, high temperatures, temperature 
gradients, diffusion of fission products and defects, etc.  The Potts kinetic Monte Carlo 
modeling has been used to simulate numerous materials microstructural evolution 
processes.  These models image the microstructure of the materials and treat the 
evolution of this microstructure in response to the local environment.  The local 
environment consists of composition, interfaces such as grain boundaries and bubble 
surfaces, their curvature and shape, temperature and temperature gradients, and other 



features.  Each individual microstructural feature will evolve in response to its local 
environment with no mean field assumptions about the environment.  This model is 
modified to incorporate many of the processes of fuel behavior simultaneously, to enable 
simulation of the complex fuels materials behavior.  The great advantage of this type of 
modeling over existing models1 is that the response of fuels to the actual shapes, sizes, 
composition distribution and other microstructural feature characteristics can be 
simulated.  Thus, material- and microstructure-specific simulations can be performed to 
obtain the response of a wide variety of fuels to a wide variety of irradiation conditions.  
The results of these simulations can be used to obtain information about fuels behavior or 
they can be used to generate fuel-specific constitutive materials and engineering models 
that can be used in the current fuel performance models.   
 
In this work, we will review the general modeling capability and how it has been used to 
study materials behavior at the microstructural scale.  We will demonstrate the model by 
applying it to study fission gas release in LWR fuels.  We have adapted some existing 
models and developed others to study the fission gas release in polycrystalline fuel 
materials.  It is known that LWR fuels release fission gas in bursts.  Fission gases 
accumulate in individual bubbles that are pressurized both within grains and at grain 
boundaries.  The grain boundary bubbles grow as more fission gas atoms form and 
diffuse to them.  As these bubbles at the grain boundaries grow, they reach some 
threshold at which they become percolating and thus release the pressurized fission gas to 
the gap between the fuel and the clad.  Following the release, the grain boundary bubbles 
close back up to form isolated bubbles and the process is repeated.   
 
We simulate this process by resolving the behavior of individual intra- and inter-granular 
fission gas bubbles.  The formation of fission gas atoms due to fission events and the  
formation of bubbles due diffusion of gas atoms and coalescence are treated.  
Redissolution of gas atoms from fission gas bubbles due to local disruption of the bubble 
and surrounding crystal lattice by fission fragment formation and motion is also 
simulated.  Finally, the accumulation of fission gas at the larger grain boundary bubbles 
will be studied with particular attention given to the threshold when these bubbles 
become percolating and thus release fission gas. 
 
We will present the model, its application to fission gas release and simulation results for 
normal operational conditions.  The utility of the model to simulate a wide range of fuels 
and fuel operating conditions will be discussed.  Extending the model to simulate other 
fuels behaviors will also be discussed as will the use of the model to develop engineering 
constitutive models for use in the current fuel performance codes.  Finally, the limitations 
of the model will be discussed.   
                                                 
1 D.R. Olander, in: I.J. Hastings (Ed.), Advances in Ceramics, 17 271 ACerS, Columbus, 
OH, 1986; Y. Kim, JNM 326 97-105, 2005; V.F. Chkuaseli and Hj. Matzke, JNM 201 
92-92, 1993. 
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Abstract 

 
     The uranium enrichment of UO2 fuel for the current power reactors, both PWR and BWR, tends to 
increase because of increasing burn-up target. The plutonium content of MOX fuel used in thermal reactors 
shall be determined in order to have reactivity worth equivalent to enriched UO2 fuel based on physical 
accounting method for adjusting fissile enrichment, thus the plutonium content tends to increase according to 
the increment of the uranium enrichment of UO2 fuel and this trend shall further be accentuated due to the 
fact that Pu recovered from reprocessing of the spent high burnup UO2 fuel contains less fissile isotopes. The 
plutonium content is calculated by use of the physical accounting method with the plutonium having several 
kinds of isotope ratios and the calculation results indicate that the plutonium content in MOX will evolve to 
ratios in excess of 10%.  
     It shall be, therefore, important to know the irradiation behavior of MOX with high plutonium content of 
more than 10 wt%. MOX fuel rods having a plutonium content of about 14 wt% and fabricated by use of 
MIMAS process have been irradiated under PWR conditions in the Belgian test reactors BR-3 and BR-2. The 
peak fuel rod burn-up of the fuel rods studied in this paper ranges from 31 to 37 GWd/t-HM, and their 
average burnup is about 22-26 GWd/t-HM with the rod averaged linear heat generation rate of about 15-21 
kW/m. The MOX rods are investigated by destructive and non-destructive post irradiation examinations and 
some of them are now continued to be irradiated in BR-2. Mixed Oxide (U,Pu)O2 fuel produced by the 
MIMAS process results in a fine dispersion of Pu enriched particles in a UO2 matrix and effectively gives 
three enrichment classes: low, medium and high enriched.  The high enriched particles (often called "Pu 
spots"), have an enrichment of around 25 wt% Pu, the low enriched phase is the UO2 matrix and contains 
only trace amounts of Pu. An intermediately enriched phase is formed by interdiffusion of U and Pu. The 
extent of the intermediately enriched phase depends on the fabrication process (powder type, mixing method, 
sintering conditions etc.), and continues to further develop in-pile. One of the objectives of the present study 
is to investigate the fission gas release and to improve the thermo-mechanical modeling of these high 
enriched fuels. The MOX rods investigated here show higher fission gas release as compared with fission gas 
release measured from fuels with lower enrichment and reported in the open literature, but since the latter 
data stem from different fuels, irradiated under different conditions, it is not possible yet to draw conclusions 
about underlying mechanisms or systematic trends of increased fission gas release when enrichment goes up.   
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Extended Abstract 
 

Many numerical codes are available to provide a prediction of nuclear fuel behaviour 
under normal and abnormal conditions.  These codes typically require a method of 
capturing chemical phenomena and phase equilibrium in a system with many 
components.  The integration of existing thermochemical software is complicated by the 
need to pass information through input and output operations between various programs 
since the source code is generally unavailable.  Accordingly, fuel behaviour codes 
typically rely on empirical correlations to incorporate fuel physical chemistry knowledge 
for lack of a thermochemical solver that can be directly implemented within the code.  
The empirical correlations generally do not convey with high fidelity the original 
thermodynamic analysis.  

 
A numerical tool is being constructed to provide the equilibrium compositions of 

species and related thermochemical properties in multiphase-multicomponent systems 
through the process of Gibbs energy minimization.  Standard Gibbs energies of formation 
for pure species are used along with models that describe the mixing of solute species 
dissolved in various non-ideal solution phases.  Mass constraints are observed with the 
use of an internal linear equation solver employing Gaussian elimination.   
 

An impediment to many existing thermochemical codes is the inability of handling a 
sufficiency of components necessary to capture all of the fission products possibly 
produced.  Furthermore, the ability to customize Gibbs energy formulations directly in 
the source code is a great convenience.  For instance, it may be desirable to introduce 
thermodynamic models representing the non-ideal mixing of solute atoms using 
mathematical expressions that do not conform to the expectation of standard software.  
Thermodynamic models representing the non-stoichiometry of solid and liquid uranium 
dioxide can benefit from such sophisticated mathematical expressions. 
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The programming is currently being applied to advance a thermochemical model for 
the uranium-oxygen system to respect recently published experimental laser flash 
measurements.  The resulting models for the solid and liquid phases of UO2+x are 
intended for integration into phase field models involving heat and mass transport that 
describe laser flash scientific experiments as well as, with a change in heat source, 
centreline melting in nuclear fuel engineering computations.  The direct incorporation of 
thermodynamic equilibrium models into phase field modelling ensures a self-consistent 
description of the state of the system – and its evolution in time following the principles 
of irreversible thermodynamics.  
 

The motivation in developing this thermochemical software is mainly driven by the 
need to frequently compute phase equilibrium.  The techniques employed have therefore 
been aimed at methods that are sufficiently rapid for execution when called repetitively 
from other software.  The Gibbs energy minimization strategy, now in an advanced state 
of development, is robust and efficient in calculating the coexistence of multiple phases 
in multicomponent systems as well as related thermochemical properties. 
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In the frame of the different surveillance programs which have supported the introduction of MOX fuel 
in Pressurized Water Reactors in France, a large database has been obtained on fission gas release 
from punctured rods. In most of the cases, the released gas was analysed by mass spectrometry, 
giving access to the isotopic composition of Xenon and Krypton.  Data are available for different 
microstructures until 60 GWd/thM. In this paper, these isotopic composition results are used to 
evaluate from which phase of the fuel the released gases were issued in case of heterogeneous fuel 
microstructure. 
 
Indeed, during the fission process in MOX fuel, the Xe/Kr ratio, as well as the isotopic composition of 
Xe and Kr are depending on the fissioning plutonium isotope: 239Pu or 241Pu. A significant part of the 
fissions comes also from the contribution of fast fissions in 238U, with different fission yields, especially 
for Kr isotopes.  
 
During the irradiation, the isotopic composition of fissile species in MOX fuel changes, with an increase 
of heavier Pu isotopes. Consequently, the part of fissions in 239Pu, which is dominant in the early part 
of irradiation, decreases and the one in 241Pu increases, with a slower evolution in case of higher initial 
Pu enrichments. 
 
In the Pu rich agglomerates of the MIMAS fuel used in French commercial reactors, this evolution is 
much faster as the same time as the burn-up increase. The part of fissions in 241Pu becomes higher 
than the one in 239Pu all the more so the initial Pu enrichment of the fuel is low. However, at very high 
burn-up, this tendency is slightly reduced due to the 239Pu build-up by neutron capture on 238U. 
 
At the contrary, in the U rich matrix, Pu is created by neutron capture on 238U and the major part of 
fissions occurs in 239Pu. Moreover, at the beginning of irradiation, the contribution of fast fissions in 
238U is significant, while it is much lower in the Pu rich agglomerates. So, finally, the origin of fissions is 
very different in each phase, which leads to significant differences in the isotopic compositions of 
created fission gases. Even if the irradiation, by decreasing the Pu fissile content in Pu rich 
agglomerates and increasing the one in the U rich matrix, tends to decrease the heterogeneity in the 
origin of fission, the differences remain significant in the integral values. 
 
The puncturing results have been analysed on the basis of these considerations with the help of 
neutronic calculations to get the evolution of isotopic composition of MOX fuels. In spite of the 
uncertainties, the following conclusions can be drawn: 

- in low burn-up fuels, the released gases are produced mainly in the Plutonium rich 
agglomerates; 

- in high burn-up fuels, the gas release is closer to an homogeneous release from the pellet; 
furthermore, this tendency appears all the more clearly as the gas release is high. 

 
Finally, it is concluded from this study, that the high gas releases (up to 10-13%) measured in high 
burn-up MIMAS MOX fuel are mainly due to a high thermal behaviour. There is no strong specific 
contribution of the Pu rich agglomerates and of their high burn-up structures in operating conditions. 
Nevertheless, taking into account the various sources of uncertainties, a limited additional contribution 
of these high burn-up zones via cracks and open porosities of the pellet cannot be totally excluded. 
But this last one would be limited and lead to a relative contribution to the overall rod release no more 
than 10-15%. 



 

1 

 

Advanced Fuel/Cladding Testing Capabilities  
in the ORNL High Flux Isotope Reactor1,2 

 

 

L. J. Ott 
Tel: 865-574-0324, Fax: 865-574-2032, Email: ottlj@ornl.gov 

 
B. B. Bevard, R. L. Ellis, J. L. McDuffee, and D. J. Spellman 

 
 

Nuclear Science and Technology Division 
Oak Ridge National Laboratory 

P.O. Box 2008, MS 6167 
Oak Ridge, Tennessee 37831 

 
 

Abstract—There is limited ability to test advanced fuels and cladding materials under 
reactor operating conditions in the United States. The Oak Ridge National Laboratory (ORNL) 
High Flux Isotope Reactor (HFIR) and the newly expanded post-irradiation examination (PIE) 
capability at the ORNL Irradiated Fuels Examination Facility (IFEL) are unique facilities that 
can support this advanced fuel/cladding development effort. The wide breadth of ORNL’s 
fuels and materials research divisions provides all the necessary fuel development capabilities 
in one location. At ORNL, facilities are available from test fuel fabrication, to irradiation in 
HFIR under either thermal or fast reactor conditions, to a complete suite of PIEs and to final 
product disposal. There are very few locations in the world where this full range of capabilities 
exists.  

New testing capabilities for HFIR at the ORNL have been developed that allows testing of 
advanced nuclear fuels and cladding materials under prototypic operating conditions [for both 
fast-spectrum conditions and LWR conditions]. This paper will describe the HFIR testing 
capabilities, the new advanced fuel/cladding testing facilities, and the initial cooperative 
irradiation experiment that began earlier this year. 
 
 
Keywords: Advanced fuels and cladding, advanced irradiation facilities, test irradiation, 

post-irradiation examinations 

Technical Track:  1 or 3 
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Abstract 
 
Pellet Cladding Interaction (PCI) during power changes can be a limiting factor for 
nuclear reactors operation as it can induce fuel cladding failure by iodine-induced 
Stress Corrosion Cracking (ISCC) [1].  
 
In the as-fabricated condition, there is a gap between the fuel cladding and the pellets. 
During reactor operation, the pellets expand and the gap is reduced due to a 
combination of immediate thermal expansion, a time dependent fission gas swelling 
and cladding creep-down. When the fuel and the cladding are in direct contact, further 
fuel swelling produces stresses in the cladding. In the case pellet cracking occurs, the 
stress will increase locally in the cladding at the location of the cracks. ISCC initiates 
at locations where the stress and the iodine content locally reach a critical level. The 
cracking initiates at the inner surface of the cladding and propagates towards the outer 
surface [2, 3].  
 
ISCC can be investigated out of pile by means of an expanding mandrel test technique 
[4, 5].  In this design of the mandrel test equipment, inside the cladding, the fuel pellet 
is simulated using a ceramic sheath, which contains a Zr slug (mandrel) inserted in the 
center. The ceramic sheath has a special design, with 4 lateral slits to facilitate the 
transport of iodine. During the test, the Zr slug is axially compressed. The slug 
expands radially and the surrounding ceramic sheath is forced to crack. The ceramic 
fragments can strain the cladding with further compression of the Zr slug. 
 
Different versions of the mandrel technique have previously been used to test 
unirradiated cladding. However, previous studies show that ISCC is sensitive to the 
condition of the cladding inner surface as well as the material strength, thus the 
irradiated cladding is expected to behave differently with respect to ISCC than 
unirradiated cladding.  
 
To evaluate the susceptibility to PCI failure of a given fuel rod, power ramp tests are 
performed in experimental reactors [2]. However, a good out of pile test to 
complement single ramp tests is crucial to improve the understanding of the 
mechanisms behind the PCI failures as well as the effect of different parameters.  
 
 

 



Within the SCIP program1, in addition to ramp testing, a mandrel testing technique 
that enables out-of-pile testing of irradiated cladding has therefore been developed. 
The equipment is designed to investigate critical parameters that are known to affect 
PCI failures such as: the strain rate, pellet performance (expansion and cracking), 
manufacturing (missing pellet surface) and cladding properties (texture, hardness, 
liner composition etc) [2]. 
 
 The tests are conducted under carefully controlled environmental conditions. Ar gas 
(99,99%) is passed through a temperature-controlled bath with iodine crystals (reagent 
grade 99,8%).  
 
The effect of the following parameters can be investigated:  

• Strain rate 
• Iodine concentration 
• Oxygen potential 
• Temperature 
• Different crack pattern of the pellet or missing chip 
• Irradiation 

 
The mandrel equipment at Studsvik is specially designed and installed in a hot cell to 
enable testing on irradiated cladding. 
 
The mandrel test technique has been qualified within SCIP using unirradiated 
cladding. The effects of stress/strain rate, iodine concentration and oxygen potential, 
on the ISCC behavior were investigated by mandrel testing cold-worked non-liner 
Zircaloy-2 cladding materials.  
 
After qualification of the test equipment, several tests have been performed on 
irradiated non-liner recrystallized Zircaloy-2 claddings. The tests were performed at a 
temperature of 320°C and iodine partial pressure in the range of 0 to 200 Pa. The tests 
were run by controlling the strain rate with an initial fast strain rate (21,6%/h) up to 
0,6% from the initial diameter followed by a slow strain rate (0,36%/h) up to a strain 
of 2% and with a holding time of 20 hours or until failure. After the mandrel tests, the 
samples have been characterized by visual inspection, profilometry, LOM and SEM2.  
 
The results of the irradiated recrystallized Zircaloy-2 claddings showed that in the 
presence of iodine partial pressures in the range of 60 to 200 Pa, ISCC occurred at 
0.7-0.78 % total (elastic + plastic) diametral strain. The low strain to failure as well as 
typical ISCC features like fluting observed at the fractured surfaces are consistent 

                                                 
1Studsvik Cladding Integrity Program (SCIP) was initiated in 2002 as an OECD/NEA project with the overriding 
objective to obtain an improved fundamental understanding of the dominant failure mechanisms for light water 
reactor (LWR) fuel cladding under pellet-clad mechanical interaction (PCMI) loading that can arise during normal 
operation or anticipated transients. Until now 11 countries and 40 signatories representing nuclear safety 
organizations, vendors, utilities and research laboratories have joined the program 

 
2 LOM – light optical microscopy 
   SEM – scanning electron microscopy 
 

 



with previous hot cell examinations of PCI failures, and thus the new expanding 
mandrel technique seems promising. 
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The magnetic behavior of fuel crud layer deposits and its axial variation on BWR fuel cladding is of interest with
respect to nondestructive (MAGNACROX / eddy-current-based (EC)) cladding oxide characterization. To understand
the reason for the varying magnetic response at different pin elevation, a fuel cladding from the Swiss BWR Leibstadt
(KKL) was cut and samples were taken from two height levels: at 810 mm (high-magnetic permeability) and 1810 mm
(low-magnetic permeability). These samples were extensively analyzed with a number of techniques (SEM, µXRF,
µXRD, µXAFS, metallography and EC-analysis)

In this work we present SEM- and µXRD- results and focus on the differences found for the investigated samples. It
can be shown that the observed crud layer is located outside the zirconia layer and consists mostly of 3-d element
oxides, in particular of Fe, Zn, Ni and Mn. With the help of SEM- analysis it was shown that the crud layer at 1810
mm was significantly thinner. Moreover, relative Zn amount in the low-magnetic (higher elevation-) samples was
much lower in comparison to the high-magnetic (low elevation-) ones. The µXRD analysis continues the distinction of
the two height levels and reveals significant differences of the crud makeup. Firstly it was observed that inside the low-
magnetic (higher elevation-) sample the relative amount of the hematite phase is larger compared to the high-magnetic
(low elevation-) sample. Both sample elevations also showed spinel type phases but the spinels of the low elevation
sample revealed a lattice parameter closer to ZnFe2O4, while the sample at 1800 mm showed mainly spots with lattice
constants closer to NiFe2O4. The EC measurements of the samples have shown a relative magnetic permeability of 21
and 4 for the lower and higher elevation samples respectively. In parallel the µXRD measurements indicated
differences in amount ratio of hematite/spinel between the two elevations of ~6. The analyzed crystals of the spinels as
well as of the hematite phases are rather large and are not polycrystalline. This fact is a strong hint for hydrothermal
growth of the particles (in contrast to sedimentation/sorption on attachment of solid precipitates). Magnetite particles
were not present in both investigated samples.

Further investigations of the obtained µXAFS spectra and simulations of the reactor water chemistry behavior with the
help of thermodynamic calculations with Gibbs Energy Minimization (GEM) are planned.
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Fracture mechanics properties of fuel claddings are of relevance with respect to fuel rod integrity during and after
operation (e.g. axial split, transport damage, intermediate dry storage). PSI has initiated mechanical testing of thin
walled Zircaloy cladding. Inactive Zircaloy-4 (stress relieved annealed, SRA) cladding tube sections have been axially
notched, fatigue pre-cracked and tensile tested to evaluate the fracture toughness properties at room temperature,
300°C and 350°C. The loading was made with the help of 2 half-cylinders fitted into the tube section and drawn apart
in a tensile machine. The crack propagation has been determined optically. A part of the samples was tested without
lubricant and applying a friction correction model, the rest of the samples with lubricant.

For each sample a complete crack resistance (J–R) curve could be generated and characteristic values as JQ (crack
onset) or the slope of the J–R curve have been determined. The deformation behaviour and the applicability of the
ASTM standard for fracture toughness determination have been elucidated in detail with respect to the non-standard
small (wall-) thickness, the non standard geometry (tube) and the special testing conditions as friction.

The performed tests describe more the component behaviour than the material behaviour. Friction plays an important
role. Tube samples without lubricant need not only more energy for crack propagation, but also crack timing changes;
crack propagation starts later. Friction can be regarded as beneficial in the sense of dissipating deformation energy.
This is valid as long as friction is uniformly distributed and no stress peaks arise because of local sticking.

As another result it can be stated that at elevated temperatures the J values do only partially fall in the interval, which
is suggested by the ASTM standard and which is valid for the J–R curve construction. Therefore the high temperature
curves have to be considered with precaution.

Higher temperatures lead to lower loads and higher displacements in the load-displacement curves. Load and
displacement can (at least partially) compensate each other with respect to the available energy for crack propagation,
so that the J–R curves at different temperatures look similar. However, JQ decreases slightly with increasing
temperatures. This fact is a hint for relatively high constraints with respect to the deformation way. The tubes with
their bent surface are forced to glide along the curvature of the deformation equipment consisting of the two half
cylinders fitted in the rod section. Stronger blunting would be expected for free surfaces as, for instance, in the case of
thin plates. Finally, at room temperature less displacement is needed to make propagate cracks than at elevated
temperature.



Abstract 
 

Measurement of the Stress Developed in ZrO2 Thin Film 
 

J.N. Jang 

 

 

It has been reported that the effect of thermal redistribution of hydrides across the metal-oxide 

interface, coupled with thermal feedback on the metal-oxide interface, is a dominating factor in the 

accelerated oxidation in zirconium alloys cladding PWR fuel. Especially the precipitated and 

redistributed hydrides are known to relieve the stress imposed onto the metal/oxide interface during 

the waterside corrosion of zirconium alloys. Without the hydrides the stress exceeds the critical value 

of 3 GPa which induce the tetragonal ZrO2 phase formation. Therefore, in this study enhanced 

oxidation due to the precipitated hydrides are experimentally confirmed and stress on the interface is 

measured with steam beam apparatus in order to support hypothesis hydrides precipitates relieve the 

stress. 

In steam beam apparatus, Oxidation reaction occurs only the surface exposed to the steam beam. In 

order to avoid the oxidation of the other side of specimen, whole chamber is evacuated down to ultra-

high vacuum (down to 10-5 Torr). The oxide thickness is measured with weight gain measurement and 

the curvature of the single side oxidized specimen is measured with spherometer. Specimen is thin 

film zirconium foil whose thickness is 40㎛ and diameter is 20mm. Only single surface of specimen 

exposed to the steam beam oxidizes at 400℃ which is attained by halogen lamp. 

Basically the measurement technique used in this study is based on the curvature build-up during 

the single side oxidation process. The stress build-up can be directly evaluated according to the 

Stoney’s formula. Measured stress from the curvature estimation is plotted as a function of thin oxide 

film thickness. And atmospheric oxidation was also carried out in the electric furnace using the 

specimen holder, which is designed to protect the other side oxidation of specimen. 

The stress in the oxide increases as the thickness decreases and the highest stress measured in this 

study is 5.2 GPa which is higher than any other previous work. In fact, the measured correlation 

between the stress and the oxide thickness is in good agreement with the theoretical prediction. Taking 

into consideration that the measured stress is the average stress of whole oxide, not in the interface, 

these results reveal that stress built up in the interface can exceed the threshold value, which supports 

the phase transformation theory. In the following study, the stress relief due to the hydride 

precipitation will be experimentally verified. 
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Abstract  
 
HANARO (High-flux Advanced Neutron Application Reactor), the only large scale research reactor in 
Korea, has a 30 MW thermal output. The FTL (Fuel Test Loop) is a facility which can conduct a fuel 
irradiation test at HANARO. The FTL simulates commercial NPPs' operating conditions such as their 
pressure, flow, temperature, neutron flux levels and chemical conditions to conduct the irradiation and 
thermo-hydraulic tests. The design of the FTL was started at the end of 2001 and the commissioning of the 
FTL is performing since April, 2007. The fuel irradiation test for the PWR fuels will be started after 
completion of commissioning. In this paper, the passivation operation experience of the FTL facility in 
commissioning stage is introduced. 

 
The FTL provides the test conditions of a high pressure and temperature similar to those of commercial 
PWR and CANDU reactors. The FTL is composed of an OPS (Out Pile system) and an IPS (In-Pile test 
Section). The OPS is composed of a process system and an I&C (Instrumentation and Control) system. 
The IPS is to be loaded into the IR-1 position in the HANARO core. The FTL coolant is supplied to the 
IPS at the required temperature, pressure and flow conditions that are consistent with a test fuel. The 
nuclear heat added within the IPS is removed by the main cooling water. The process system contains 
several equipments such as a pressurizer, a cooler, a heater, pumps, and a purification system which are 
necessary to maintain the proper fluid conditions. The FTL coolant is supplied to the IPS at the required 
temperature, pressure and flow conditions that are consistent with a test fuel. The nuclear heat generated 
within the IPS is removed by the main circulating water cooler. The main circulating pump provides the 
motive power to circulate the FTL coolant within the loop. After a pump discharge, an in-line heater 
provides the capability to increase the temperature for a start-up and for a positive temperature control. A 
pressurizer is provided to establish and maintain the coolant pressure for the test fuel type.  
 
The IPS including the test rig is to be loaded into the IR-1 position in the HANARO core. This implies 
that the environment around the IPS is subjected to a high neutron flux. The commissioning of the FTL 
was started from April 2007. The commissioning of the FTL is performed in three stages. An individual 
system performance test under room temperature is performed in the first stage, and the integral system 
performance test with mock-up fuels under a high temperature is performed in the second stage, and 
finally the integral system performance test with test fuels under a high temperature is performed in the 
third stage. The individual system performance test had been successfully completed. The integral system 
performance test with mock-up fuels under a high temperature is being performed. The passivation 
operation was performed at starting point of the integral system performance test with mock-up fuels in 
the second stage. The purpose of passivation operation is to generate a protection film at pipes. The 
passivation operation is performed during 7 ∼ 10 days under the temperature and water chemistry control 
condition. The passivation operation was successfully completed. The passivation operation experience is 
introduced. And the experimental date including temperature and water chemistry control is presented.  
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ABSTRACT 
 
Nuclear fuel cladding is the first barrier used to confine the fuel and the fission products produced 
during irradiation. Zirconium alloys are used for this purpose due to their remarkable neutron 
transparency, together with their good mechanical properties at operational temperatures. 
Consequently, it is very important to be able to characterize the mechanical response of the 
irradiated cladding. 
 
The mechanical behaviour of the material can be modelled as elastoplastic with different stress-
strain curves depending on the direction: radial, hoop or longitudinal direction. The ring tensile test 
has been proposed to determine the mechanical properties of the cladding along the hoop direction. 
The initial test consisted of applying a force inside the tube, by means of two half cylinders. Later 
Arsene and Bai [1,2] modified the experimental device to avoid tube bending at the beginning of 
the test. The same authors proposed a numerical method to obtain the stress-strain curve in the hoop 
direction from the experimental load versus displacement results and a given friction coefficient 
between the loading pieces and the sample [3]. This method has been used by different authors [4] 
with slight modifications. It is based on the existence of two universal curves under small strain 
hypothesis: the first correlating the hoop strain and the displacement of the loading piece and the 
second one correlating the hoop stress and the applied load. 
 
In this work, a new method to determine the mechanical properties of the cladding from the ring 
tensile test results is proposed. Non-linear geometry is considered and an iterative procedure is 
proposed so universal curves are not needed. A stress-strain curve is determined by combining 
numerical calculations with experimental results in a convergent loop. The two universal curves 
proposed by Arsene and Bai [3] are substituted by two relationships, one between the equivalent 
plastic strain in the centre of the specimen ligament and the displacement of the loading piece and 
another one between the equivalent stress in the same point and the nominal applied stress. In the 
first iteration a calculation is performed with an approximate plastic stress-strain law, and the two 
above-mentioned relationships are used to determine a new law from the experimental results. In 
the second iteration the calculation takes into account the new plastic stress-strain law and 
determines two new relationships. After a few iterations an excellent fit is obtained. 
 
This method is an improvement of the original method by Arsene and Bai [3] and allows obtaining 
the plastic stress-strain curve in the hoop direction in a consistent way. The experimental data used 
in this work to check the validity of the procedure have been obtained on unirradiated Zirlo 
cladding, with the standard alloy composition and geometry (outer diameter of the cladding 9.5 mm 
and a wall thickness of 0.56 mm). 
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Abstract—The United States Department of Energy (DOE) Fissile Materials Disposition 
Program (FMDP) is pursuing disposal of surplus weapons-usable plutonium by reactor 
irradiation as the fissile constituent of MOX fuel. Lead test assemblies (LTAs) have been 
irradiated for approximately 36 months in Duke Energy’s Catawba-1 nuclear power plant 
(NPP). Per the MOX fuel qualification plan, approved by the U.S. Nuclear Regulatory 
Commission (NRC), destructive post-irradiation examinations (PIEs) are to be performed on 
second cycle rods (irradiated to an average burnup of approximately 45 GWd/MTHM). These 
LTA bundles will be returned to the reactor and further irradiated to approximately 
52 GWd/MTHM. Nondestructive and destructive PIE of these commercially irradiated 
WG-MOX fuel pins will be conducted at the Oak Ridge National Laboratory (ORNL) in the 
Irradiated Fuels Examination Laboratory (IFEL). PIE began in early 2009 and the preliminary 
results are reported in an accompanying paper at this conference.3 In order to support the 
examination of the irradiated full length (~3.66 m) MOX fuel pins, ORNL began in 2004 to 
develop the necessary infrastructure and equipment for the needed full-scope PIE capabilities. 
The preparations included modifying the Irradiated Fuels Examination (IFEL) building to 
handle a commercial spent fuel shipping cask, ,procurement of cask handling equipment and 
skid to move the cask inside the building, development of in-cell handling equipment for cask 
unloading, and design, fabrication and testing of the automated, state-of-the-art PIE 
examination equipment. This paper describes these activities and the full-scope PIE 
capabilities available at ORNL for commercial full-length fuel pins.  
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Abstract—A method, referred to as the expanding plug test method, for determining the 
room temperature hoop stress-strain curves of irradiated nuclear fuel cladding has been 
developed and applied to evaluate tensile strength and ductility in the hoop direction of clad 
material irradiated to high neutron fluences. The test utilizes an incompressible plug fitted 
within a tubular cladding specimen. A cylindrical punch is used to compress the plug axially, 
which generates a radial displacement that acts upon the inner diameter of the specimen. 
Position sensors track the radial displacement of the specimen outer diameter as the 
compression proceeds. An auxiliary compression test of the plug alone is also performed. 
Using these two sets of data, a procedure was developed to determine the hoop stress in the 
clad specimen. 

The U.S. Department of Energy (DOE) Fissile Materials Disposition Program (FMDP) is 
pursuing reactor burnup of mixed uranium-plutonium oxide (MOX) fuel for disposal of 
surplus weapons-grade plutonium. From 1998 to 2004, a test irradiation of MOX fuel prepared 
with weapons-derived plutonium was conducted at the Idaho National Laboratory (INL) in the 
Advanced Test Reactor (ATR). This test irradiation program was managed by the Oak Ridge 
National Laboratory (ORNL) for the DOE. An important question that this test irradiation 
program addressed for this weapons-derived MOX fuel is that of embrittlement of the cladding 
during irradiation. While irradiation-induced loss of ductility has been established and 
quantified for many cladding materials, the potential synergistic effects of irradiation and the 
unique constituents (i.e., gallium) of weapons-derived MOX fuel were not known. The Post-
irradiation Cladding Ductility Test Program was formulated for the DOE and conducted by 
ORNL to evaluate radiation-induced ductility loss. The program focus was on development, 
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validation, and application of technology for the determination of the tensile failure ductility 
limits for MOX fuel cladding irradiated in the ATR. The scope of the project included (1) the 
development of techniques for machining and handling of small ring-type test specimens from 
irradiated MOX test cladding, (2) development and validation of a specimen and test fixture 
for use in a hot cell environment, and (3) testing of cladding specimens subjected to fluence 
levels as high as 1.7 × 1021 neutrons/cm2 (E > 1 MeV). Testing was performed at ORNL in the 
Core Conduction Cooldown Test Facility (CCCTF) hot cell in the Irradiated Fuels 
Examination Laboratory (IFEL). 

The Postirradiation Cladding Ductility Test Program was conducted in several phases.  
The first phase was to develop, validate, and demonstrate technology for remote handling, 
cutting, and testing of small ring specimens of cladding material. This phase culminated  
in the successful preparation of specimens and ductility demonstration tests of irradiated  
[6.8 × 1020 neutrons/cm2 (E > 1 MeV)] MOX test fuel cladding. Subsequent phases covered 
ductility testing of irradiated MOX test fuel cladding for succeedingly higher fast neutron 
fluences (0.27–1.7 × 1021 neutrons/cm2 for E > 1 MeV). Lastly, these techniques have been 
extended to elevated temperatures (350°C and 700°C). 

The development of this simple, cost-effective, highly reproducible test method to 
determine stress-strain curves in the hoop direction of irradiated clad specimens represents a 
significant advance in the mechanical characterization of irradiated cladding. This paper will 
present an overview of the expanding plug testing technique and will discuss the tests on 
irradiated clad specimens performed to-date.  

 
Keywords: Fissile Materials Disposition Program, weapons-derived plutonium, mixed oxide 
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Fast fusion of an oxide nuclear fuel with certain metallic
fluxes under an inert gas atmosphere using an electrode

furnace
S. D. Park, Y. S. Park, J. S. Kim, Y. K. Ha, K. S. Song (KAERI-Korea)

It has been reported that the amount of fission gases, krypton and xenon, amount to more than 25% of the total fission
products produced during the neutron activation of an oxide nuclear fuel. Most of the generated fission gases are
retained in a pellet matrix. This exerts a serious influence upon the thermal and mechanical properties of a light water
reactor fuel. A fuel segment should be dissolved using an appropriate technique to extract the retained fission gases,
krypton and xenon, in an irradiated nuclear fuel. The techniques for a dissolution of an oxide nuclear fuel can be
classified as a mineral acids attack method, a molten salt method using NaNO3 or KHSO4 and a laser extraction
method, etc. However these methods are very time consuming, laborious and produce by-product gases, NOx, SOx,
which should be removed from the extracted gas. Consequently, it is necessary to establish a simple, fast and clean
dissolution method for a measurement of the retained fission gas in an irradiated nuclear fuel. In this work, dissolution
experiments of UO2 segments with certain metal fluxes were conducted using an inert gas fusion method. A
commercially available electrode furnace, a LECO EF-500 attached to a LECO RH-600 Hydrogen analyzer, was used
for this work. About 0.1 g of an unirradiated UO2 segment was fused with a single flux and/or multiple fluxes such as
tin, iron, nickel, copper, graphite powder while varying the fusion current and time, 750 A- 900A and 40 seconds-100
seconds respectively. The fusion current and time of the EF-500 and quantity and/or constituents of flux was controlled
to establish the optimum melting condition of an UO2 segment. Two kinds of UO2 pellets, an unirradiated pressurized
water reactor(PWR) fuel and a simulated spent fuel(SIMFUEL) which was prepared for the simulation of a high
burnup spent fuel with a burnup of 60,000MWd/tU after a 15 years cooling, were supplied for an inert gas fusion
experiment. The fusion state of the fuels were evaluated with the obtained melts from the inert gas fusion using an
electron probe micro analyzer(EPMA) and an x-ray diffraction(XRD) spectrometer, and also with an inductively
coupled plasma-atomic emission spectroscopy(ICP-AES). 
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Abstract 
 

An accelerated hydrogen absorption in zirconium alloy claddings at high burnups is one of 
the most important issues limiting the fuel performance from the viewpoint of cladding integrity. 
In this context, advanced cladding materials with higher corrosion resistant and lower hydrogen 
absorption properties have been widely searched in various organizations. The hydrogen 
absorption property of zirconium alloys is expected to be primarily influenced by the 
characteristics of the oxide layers, especially mobility or diffusivity of hydrogen. 

In the present study, various examination techniques were applied for the characterization 
of the oxide layers in three different zirconium-based alloys of Zry-2, GNF-Ziron and VB, with 
a particular attention to iron contents in the alloys. Out-of-pile corrosion tests were carried out 
in two different environments of high temperature steam at 400 or 530 °C and LiOH-containing 
water at 290 °C. After obtaining weight gain and hydrogen absorption data of the corroded 
samples, the oxide layers were subjected to detailed examinations: Microstructure and 
microcrack observation by FE-SEM and TEM, precipitation and dissolution of alloy elements 
by EPMA and FE-EPMA, crystal structure by Raman spectroscopy, cross-sectional element 
distributions by SIMS and GD-OES, chemical state of hydrogen by FT-IR. In the LiOH water 
corrosion tests which accelerated both corrosion and hydrogen absorption, the hydrogen pickup 
fraction decreased in the order of Zry-2>GNF-Ziron>VB with higher iron contents in the alloys, 
while in the steam corrosion tests the difference in the hydrogen pickup fraction among the 
alloys was not so distinguished. Both the enriched lithium and preferential dissolution of iron 
from Zr-Fe-Cr type precipitates were found in the LiOH corroded oxides with the single phase 
of monoclinic-ZrO2. On the other hand, in the steam corroded oxides the mixed phase layer of 
tetragonal- and monoclinic-ZrO2 was detected at the metal/oxide interface region of about 
0.5-0.7 µm wide adjacent to the outer layer of monoclinic-ZrO2. Furthermore the iron 
dissolution was limited compared to the LiOH corroded oxides. Consequently, the higher 
screening efficiency for hydrogen absorption in the LiOH water corrosion tests could be 
reasonably related to the change in lattice defect structure and crystal structure caused by the 
dissolution of lithium in the oxides. The emphasis is placed on that the dissolved iron in the 
oxides represses hydrogen mobility both in the out-of-pile and in-pile conditions. Finally a 
hypothesis of the hydrogen absorption mechanism in the out-of-pile corrosion tests is proposed 
based on the comprehensive characterization examinations of the oxide layers, contrasting with 
in-pile hydrogen absorption mechanism. 
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Service life and limitations on operating conditions of the core components are governed to high extent by physical
properties of zirconium alloys and their change in course of in-pile irradiation. Interaction with coolant causes both
oxidation of zirconium materials and hydrogen uptake during operation. Several decades of investigations resulted in
rather good understanding of general phenomenology of the oxidation process. However, the debates on the role of
different factors governing the transport of oxygen atoms through the oxide film and the effect of various chemical
elements on the oxidation regimes and rates are still continued. The ideas on mechanisms leading to different corrosion
modes, uniform and nodular, are also widely argued, [1-3].

Nodular corrosion is a problem in boiling-type reactors (BWR, RBMK). It is believed that nodular oxide growth is
related, mainly, to two factors resulting in increase of oxygen content in coolant: water boiling and radiolysis. The
nodular oxide films are more subjected to spalling compared to the case of uniform oxidation. The nodules may be
substantially thicker than the uniformly growing film. Nodular corrosion may lead to rather quick local cladding
thinning, increase in the rate of hydrogen uptake and higher concentrations of zirconium oxide particles migrating with
coolant. Therefore, development of oxide nodules can restrict the operation time of fuel assemblies with zirconium
structural components and even lead to more frequent fuel failures. It should be noted that the problem of nodular
corrosion of zirconium fuel claddings could become urgent also for the pressurized water reactors (PWRs and
WWERs) in cases when steam phase is formed at the oxide/coolant interface. It may take place, for instance, due to
formation of crud deposits on cladding surface or in cases of power uprating.

Several possible mechanisms leading to formation of oxide nodules have been discussed in literature. In one or another
way all these mechanisms are related to inhomogeneous distribution of hydrogen or alloying additives in the growing
oxide or in the base metal. Development of oxide nodules can be also considered as a result of instability of the
uniform oxidation front with respect to small transverse perturbations. These perturbations can be caused by different
factors including, for instance, nonuniform conditions at the oxide/coolant interface, nonuniform mechanical stresses in
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the metal and/or in the oxide, presence of intermetallics or hydride precipitates and so on. The oxide nodules may form
if some mechanisms are available to enhance the transverse inhomogeneities of the oxidation boundary. On the
contrary, the nodular oxidation mode may be suppressed if it is possible to activate mechanisms which produce a
stabilizing effect on the propagating corrosion front.

It is well known that susceptibility of zirconium alloys to nodular oxidation is changed when the content of alloying
additives in the metal is varied. Of practical interest is to predict the optimal modification to the chemical composition
of the base alloy leading to a material with better resistance to nodular corrosion.

The following analytical approach is applied in the present paper to estimate the effect of additives on susceptibility of
Zr alloys to nodular oxidation. Numerous experiments (e.g., [3]) demonstrate that oxide nodules develop from ‘nuclei’
of small size which can be considered as transverse perturbations of the oxide/metal interface. These interface
perturbations can be expanded into Fourier series in terms of space harmonics. If addition of some alloying element
promotes the increase in amplitude of space harmonics it can be supposed that this particular additive makes the alloy
more susceptible to nodular corrosion. And vice versa, the alloying elements promoting the attenuation of transverse
perturbations at the oxide/metal interface should improve the alloy resistance to the growth of nodular oxide. It is
worth noting that a wavy (or ‘egg-carton’) structure of the oxide/metal interface was repeatedly observed in
experiments, [4-6].

The present paper gives some analytical results concerning the influence of alloying additives on stability of the
corrosion front with respect to development of its transverse structure. The analytical findings are consistent with
available experimental data on the effect of Fe and Ni on resistance of zircaloy-2 and zircaloy-4 to the growth of
nodular oxide.

REFERENCES

1. B. Cox, “Some Thoughts on the Mechanisms of In-Reactor Corrosion of Zirconium Alloys,” J. Nucl. Mater., 336
(2005) 331-368.

2. B. Cox, V.G. Kritsky, Ñ. Lemaignan, et al., “Water-Side Corrosion of Zirconium Alloys in Nuclear Power Plants,”
IAEA-TECDOC-996, Viena, 1998.

3. B. Cheng, R.B. Adamson, “Mechanistic Studies of Zircaloy Nodular Corrosion,” Ðroc. 7th Int. ASTM Symp. on Zr
in Nuclear Industry, Philadelphia, 1987. ASTM STP-939, pp.587-416.

4. P. Bossis, G. Lelievre, P. Barberis, et al. “Multiscale Characterization of the Metal-Oxide Interface of Zr Alloys,”
ASTM STP 1354, 918-945, 2000. 12th Int. Symp. on Zirconium in the Nuclear Industry.

5. M. Parise, O. Sicardy and G. Cailletaud, “Modelling of the Mechanical Behavior of the Metal-Oxide System During
Zr Alloy Oxidation,” J. Nucl. Mater., 256 (1998) 35-46.

6. H.G. Kim, J.Y. Park, Y.H. Jeong , J. Nucl. Mater., 345 (2005) 1-10. TYPE OR PASTE PARAGRAPH 4 HERE



Proceedings of Top Fuel 2009 
Paris, France, September 6-10, 2009 

Paper 2136 

 

Hydrogen Pick Up Fraction for ZIRLO™ Cladding Corrosion 
and Resulting Impact on the Cladding Integrity 

 
 

Anand M. Garde, William H. Slagle 
Westinghouse Electric Company, LLC 
5801 Bluff Road, Columbia, SC  29250 

and 
4350 Northern Pike, Monroeville, PA  15146-2886 

Tel: , (803) 647-2038, (412) 374-2088 
Fax: , (803) 695-4164, (412) 374-3670 

Email:  gardeam@westinghouse.com, slaglewh@westinghouse.com  
 

 
Abstract – Review of available hydrogen pick up data for irradiated Zircaloy-4 and 
irradiated ZIRLO™ (irradiated in multiple PWRs with different fuel designs and different 
fuel management schemes) shows that the pick up fractions of the two materials are 
comparable and are approximately 15%.  Anomalous higher pick up fractions are 
occasionally observed that can be attributed to abnormal fuel management, lower 
in-reactor relaxation of grid contact features and possible handling damage to the 
waterside oxide layer. 
 
The integrity of irradiated cladding depends on the impacts of neutron irradiation, 
hydrogen concentration and hydride localization on the mechanical properties of the 
cladding.  Since hydrogen migrates to the cooler parts of the cladding wall, hydrogen 
distributes non-uniformly in the cladding wall.  Metallographic evaluations of high burnup 
Zircaloy-4 and ZIRLO™ cladding wall reveal that most of the hydrides are localized in the 
outer third of the cladding wall due to the imposed radial heat flux on the cladding wall.  
The inner two thirds of the clad wall has a lower hydrogen content.  In addition to the 
radial temperature gradient, there is an axial temperature gradient due to pellet/pellet 
interfaces and a possibility of circumferential temperature gradient due to oxide 
spallation, if spallation is significant. 
 
Ductility and fracture toughness of irradiated ZIRLO™ depend on neutron fluence, 
temperature, local hydrogen concentration and extent of hydride localization.  The latter 
three parameters depend on the thickness and integrity of the developed waterside oxide 
layer.  ZIRLO™ clad wall of a fuel rod irradiated to 68 GWD/MTU was analyzed for 
post-irradiation hydrogen concentration and localization.  At the pellet/pellet interface 
(which has a higher hydrogen concentration than at the mid-pellet location due to 
temperature differences) axial location, the volume fraction of hydrides are <50% and 
<3% in the outer one third and inner two thirds of the clad wall.  Similar values for 
Zircaloy-4 have been obtained but are significantly higher, mainly due to the tendency of 
oxide spallation in high burnup Zircaloy-4 fuel rods compared to ZIRLO™ fuel rods.  High 
burnup ZIRLO™ cladding pieces irradiated in a different reactor were subjected to a 
rapid hot-cell deformation test termed expansion due to (axial) compression (EDC).  EDC 
tests showed that irradiated ZIRLO™ has higher ductility than Zircaloy-4 irradiated to 
similar burnups.  Using the correlation between local hydride volume fraction and 
irradiated ductility developed for Zircaloy-4, it is conservatively concluded that after a 
burnup of 68 GWD/MTU, irradiated ZIRLO™ will have a ductility >2%. 
 
Assuming that fracture toughness values of irradiated Zircaloy-4 charged with hydrogen 
can be conservatively applied for the analysis of fracture toughness of irradiated 
ZIRLO™ charged with hydrogen, the critical crack size was calculated for typical PWR 
fuel cladding dimensions assuming a hypothetical cracked hydride lens covering the 
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outer one third of the clad wall.  The critical crack size (calculated crack size which will 
result in unstable brittle crack propagation in the cladding wall) was always greater than 
the assumed hydride crack size with a margin of greater than 50%. 
 
Based on the ductility and fracture toughness analysis results, it is concluded that an  
oxide thickness limit on ZIRLO™ corrosion will automatically limit the detrimental impact 
of charged hydrogen on the ductility of irradiated ZIRLO™ well beyond the licensed 
burnup limit of 62 GWD/MTU on the basis of the expected hydrogen distribution in 
ZIRLO™ clad wall.  ZIRLO™ cladding brittle failure due to such hydrogen levels 
(associated with an oxide limit) would not be projected to occur. 
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At the present time, one of the main development strategies 
of nuclear power industry is enhancement of fuel 
utilization efficiency at NPP during safe and reliable 
operation. 
Two main tasks determine the enhancement of fuel 
utilization efficiency: 
- increase of installed power factor of the operated NPP 
power units up to technologically allowable values within 
the frame of the main project designs provided that the 
current safety requirements are met as well as high 
reliability is ensured; 
- reduction of electric power generation cost and uranium 
consumption. 
In order to solve the above tasks the new-generation fuel 
assemblies (FA) for VVER-1000 NPP are to be developed 
and put into operation to extend operating lifetime, 
increase burnup and improve operating reliability; thus the 
fuel cycles to be implemented become safe, cost-effective 
and flexible as regards NPP requirements. 
Development and application of the new-generation 
VVER-1000 FA include the following activities: 
- design development for the new-generation VVER-1000 
FA with increased fuel loading including use of pellets 
without a central hole; 
- development and putting into operation of fabrication 
technique for large-grained (up to 25…40µm) fuel pellets 
with porosity and stoichiometry improved to decrease gas 
release from the fuel and fission gas pressure under fuel 
rod cladding at a high burnup; 
- manufacturing assimilation of new claddings made of the 
modified zirconium alloys (spongy zirconium-based E110, 
E110M, E635M alloys) with improved corrosion resistance 
under normal operating conditions at coolant surface 
boiling in the VVER-1000 reactor. These claddings should 
meet requirements for the long-duration fuel cycles at high 
parameters of the coolant. 
This paper presents the main results of examinations of 
serviceability of the experimental VVER-1000 fuel rods 
which differ in materials and methods of preliminary 

cladding surface treatment as well as characteristics of the 
fuel pellets after their testing under steady-state conditions 
at increased power and surface boiling performed in the 
MIR reactor. 
The experiment and post-irradiation examination programs 
were developed in association with the specialists of FSUE 
VNIINM. 
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Abstract 

 
The effect of thermal redistribution of hydrides 

across the zirconium metal-oxide interface, 
coupled with thermal feedback on the metal-oxide 
interface, is a dominating factor in the accelerated 
oxidation in zirconium alloys cladding PWR fuel. 
And it has been reported that the hydride 
redistribution induces micro-stuctural changes. In 
fact, it is well-known that  tetragonal ZrO2 forms 
in the metal-oxide interface in the early stage of 
zirconium oxidation that is protective against 
further oxidation. However, as the oxide grows 
the stress built up during the oxidation process 
relieves then the tetragonal phase turns into the 
monoclinic phase which is non-protective and 
stable at low stress. Therefore, it is believed that 
the zirconium oxidation kinetics depends on the 
phase transformation. In other words, if the 
transformation is accelerated by any stress-
lowering factor, the kinetics would be fast. It has 
been proposed that hydride precipitates and their 
redistribution lower the stress built up in the 
metal-oxide interface and thus promote the phase 
transformation, ending up with the oxidation-
enhancement.  

 
In this study, the effects of hydride precipitates 

on the ZrO2 phase transformation and the micro-
structural changes have been investigated using 
Raman spectroscopy and TEM. 

 
Phase transformation analysis of the intact and 

hydrided zirconium alloys was carried out using 
Raman spectroscopy. Also the quantitative phase  

 

 
fraction changes of protective tetragonal ZrO2 due 
to the hydride precipitates were obtained.  

 
First, these results show that tetragonal ZrO2 

phase fraction decrease as oxidation proceeds. 
Second, especially the pre-hydrided specimens 
have more rapid decrease tendency in the phase 
fraction curve. Finally, it is described that the 
hydride precipitations in the zirconium alloy 
matrix play an important role in the acceleration 
of oxidation kinetics by changing the oxide micro-
structure. 

 
Micro-structural analysis of metal-oxide 

interface in the intact and hydrided zirconium 
alloys was carried out. Also the morphological 
changes due to the hydride precipitates were 
analyzed  using TEM system.  

 
Results from the hydrided pure Zr specimen 

clearly demonstrate the micro-structural changes, 
showing even the amorphous layer developed in 
the metal-oxide interface. Following results on the 
Zircaloy-4 and Zr_1.5Nb specimens also show the 
morphological changes due to the hydrides 
precipitation in the zirconium matrix. 
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Abstract 
 

An acceleration of hydrogen absorption in zirconium alloy claddings at high burnups is 

one of the most important issues limiting the fuel performance from the viewpoint of cladding 

integrity. In this context, advanced cladding materials with higher corrosion resistant and lower 

hydrogen absorption properties have been widely searched in various organizations. 

In this study, four kinds of zirconium-based alloys, whose in-pile data had been acquired 

[1,2] were subjected to comprehensive out-of-pile corrosion tests with various temperature and 

atmosphere conditions in order to investigate the correlation between in-pile and out-of-pile 

corrosion and hydrogen pick-up behavior, i.e. Zry-2, GNF-Ziron (Zry-2-based alloy with ~0.25wt % 

of Fe), Hi-FeNi Zircaloy (Zry-2-based alloy with ~0.25wt % of Fe and ~0.1wt% Ni), and VB 

(Zr-based alloy containing Sn, Cr, and ~0.5wt % of Fe). All the alloys were annealed in RXA 

condition. The out-of-pile corrosion tests were carried out in three different conditions of 400 °C 

steam, 475 °C supercritical water, and 290 °C LiOH aqueous solution. In addition to these alloys, 

several Zry-2-based alloys with various iron contents were tested in 290 °C LiOH aqueous solution. 

Among the four corrosion conditions, the 290 °C LiOH aqueous solution test well screened the 

hydrogen pick-up behavior of the alloys. The hydrogen absorption decreased with higher iron 

contents in the alloys in both the out-of-pile and in-pile conditions. Especially, the distinct 

suppression of hydrogen absorption was observed for VB with the highest iron content. The similar 

dependence of iron content on the hydrogen pick-up fraction was also obtained for the Zry-2-based 

alloys with different iron contents, which were corroded in the 290 °C LiOH aqueous solution 

condition. As for the corrosion behavior in the 290 °C LiOH aqueous solution condition, the weight 

gains of Zry-2, GNF-Ziron and VB followed the 1/3 powered law in the early stage of corrosion up 

to ~24 h. However, the hydrogen pick-up fraction did not show a distinct change before and after the 

transition of corrosion rate.  
       

[1] Y. Etoh, et al, 1997 International topical meeting on LWR fuel performance,(1997). 
[2] S. Ishimoto, et al, 2006 International meeting on LWR fuel performance,(2006). 
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LEAD TEST ASSEMBLIES (LTA) PROGRAM CONTAINING NEW ZIRCONIUM-NIOBIUM ALLOYS
DEVELOPED IN JAPAN C. MUÑOZ-REJA ENUSA Industrias Avanzadas, S.A. Santiago Rusiñol 12, 28760 Madrid,
Spain HAJIME FUJII Mitsubishi Heavy Industries, Ltd. 1-1-1, Wadasaki-cho, Hyogo-ku, Kobe 652-8585, Japan The
new century starts pushing an important challenge to all energetic sources. Nuclear energy is revealed as the most
promising energy source in meeting the more than even severe social requirements as reducing CO2 emissions, an
effective utilization of natural resources the improvements of safety or the reduction of wastes. To achieve this goal,
different action lines have been established to improve the efficiency of the light water reactors that are translated into
operating practices that require the development of high performance fuels. Being aware of that situation, the Japanese
PWR utilities, fuel manufacturers, materials manufacturers and academic institutes have joined its know-how and
experience to develop a high performance family of alloys for fuel rod cladding application named J-AlloyTM. This
paper will present the different stages followed in the process of development and validation of the J-AlloyTM. It will
start from the selection of three Zr-Nb candidates to the current status, where the alloys are irradiated as a part of a
Lead Test Assembly program in a Spanish NPP thanks to the well proved collaboration between the Japanese
concerned companies and the Spanish Electric companies through ENUSA, who manages the Lead Test Assembly
program. The paper would also describe the exhaustive out-of-pile testing. Based on the test results, safety-related
criteria and also every single property required to assess its in-pile behavior, including subrogates of high-burnup
conditions, were well confirmed. The irradiation strategy and the on-site characterization program carefully designed
to minimize any impact in the normal operation of the NPP, to ensure a safe operation of the rods containing the new
alloys and to provide information from the very beginning of the program, will be presented in the paper. Finally, the
future plans to continue irradiation to high burnup and the hot cell inspection plans to characterize the irradiated J-
AlloyTM cladding material will be presented. 
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Characterization of hoop-directional creep behaviors of
hydrided fuel cladding and spent fuel cladding

Sun-Ki Kim, Je-Geon Bang, Dae-Ho Kim, Ik-Sung Lim, Yong-Sik Yang, Kun-Woo Song, Do-Sik Kim, Hang-Seok
Seo (KAERI)

To evaluate the degradation of the mechanical properties of Zr-based nuclear fuel cladding tubes under long term dry
storage condition, the mechanical tests which can simulate the degradation of the mechanical properties properly are
needed. Especially, the degradation of the hoop-directional mechanical properties by creep mechanism seems to be
dominant under long term dry storage condition. Accordingly, in this paper, hoop-directional creep tests are performed
in order to evaluate the hoop-directional creep behaviors of hydrided fuel cladding and spent fuel cladding under a
hoop loading condition with Zircaloy-4 and Nb-containing cladding in the temperature range from 350¡É to 550¡É.
The applied stress was 200MPa at 500¡É and was 130MPa at 550¡É. Displacement characteristics of three kind of
claddings with conditions such as unirradiated & unhydrided condition, hydrided condition, and irradiated condition
with time are compared with each other. Steady state creep rate and creep rupture time are also evaluated.
Additionally, the secondary creep rates with increasing hydrogen content are drawn, and then creep rupture times with
increasing hydrogen content are also evaluated and compared with spent fuel cladding at 500¡É and 550¡É. 
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About a threshold through defect in zirconium cladding of the nuclear fuel elements I.Loktev JSC“NCCP”, Tel:
+7(383) 274-83-46, Fax: +7(383) 274-30-71, Email:loktev@nccp.ru Ways of manufacturing and the quality control of
fuel elements for reactors LWR and their parts are so perfect today, that probability of occurrence of manufacturing
defects in cladding, welded seams, in end plugs is very very low. In the given report based on 30-years experience of
manufacturing and operation of nuclear fuel for WWER the data on through defect characteristics and behavior at
manufacturing, at quality control, at operation are given. The data on through defect characteristics and their behavior
at manufacturing, at quality control, at operation are given in the report based on 30-yearsexperience of manufacturing
and operation of WWER nuclear fuel It is shown, that three levels of threshold dimensional characteristics for through
defect can be determined for stages of manufacturing, quality control, operation in a reactor. Though the basic
possibility of fuel elements to have defect in cladding, welded seams, end plugs is present always, but the real size of
defects is higher or comparable with leak-test device sensitivity and much lower of a destroying threshold in case of
loading of defective fuel elements in a reactor. The autoclave tests of specimens with real defects in plugs were carried
out for confirmation of this claim. 
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Introduction 

The main directions of nuclear fuel evolution in Russia are related to the new generation fuel 
assemblies (FA) development. These directions are: 1) burn-up depth increase; 2) FA operating life 
extension; 3) nuclear fuel operational reliability improvement; 4) power ascension of reactor blocks; 
5) use of maneuver modes during operation. 

It is impossible to increase burn-up fuel depth and further life extension of LWR FA without 
resolving the problem of serviceability decrease during operation of zirconium components belong-
ing to them: fuel rods, spacer grids, guide thimbles, central tubes. 

The reactor power ascension will result in toughening the operating conditions of zirconium 
components in a reactor core: coolant pressure and temperature rise, coolant boiling and, as a result, 
steam formation increase. It will entail corrosion process intensification and increase in amount of 
absorbed hydrogen. Rise in hydrogenation level may cause these items cracking during operation, 
especially in the power maneuvering mode, during unload from the reactor and the subsequent 
long-term storage. 

In the power maneuvering conditions, alternating (sign-variable) mechanical loads originated 
in fuel rod claddings under frequent fluctuations of fuel and cladding temperature according to the 
reactor changing power will negatively affect the serviceability of the zirconium claddings. During 
operation of fuel rods in such severe conditions there will be a most challenging problem of crack-
ing of zirconium claddings embrittled as a result of hydrogenation. 

Besides, decrease of fuel rod cladding thickness is planned to improve uranium capacity (in-
crease in uranium load) that will result in necessity to substantiate strength of fuel rod claddings at 
elevated pressure and temperature.  

To solve the emerging problems and to improve operational reliability of nuclear fuel it is 
necessary either 1) to develop new zirconium alloys capable to work in such severe conditions, or 
2) to find methods to improve properties of existing alloys and serviceability of the items produced 
thereof. 

The traditional way to solve the same problem is the first path – to change the alloy composi-
tion. This paper suggests another path of solution – to change surface condition of zirconium items 
without change in composition of alloy from which they are fabricated. This path has a number of 
essential advantages, it is: 1) less labor intensive, 2) cheaper, 3) can be realized in less time. 

Two methods are suggested to change surface condition of zirconium items: 1) making the 
thin surface layers (coatings) different on composition, structure and properties from parent metal of 
an item; 2) surface modification of zirconium items. 

The surface layer of any item considerably differs on the properties from parent material; 
therefore, in many cases it indeed determines the item operational reliability, serviceability and ser-
vice time. 

 
1. Making the surface layers (coatings) 

As a result of examinations and analysis of operating conditions of LWR FA zirconium com-
ponents, the requirements were developed and key criteria were chosen with the purpose to deter-
mine optimum composition of coating. To solve a problem of choice of compositions, structures 



and processes of protective coating application, the model was developed and used including seven 
matrix levels of choice parameters and consecutive filters, which make it possible to sieve the coat-
ings that do not meet the given parameters, and select the optimum alternatives of coating composi-
tion, its structural condition and application process.  

The basic compositions of coatings and methods of their application were chosen. One-
component, two-component and composite coatings were examined. 

Monolayer and multilayer coatings of different compositions, and also process modes of their 
formation on the surface zirconium items using vacuum ion-plasmous processing and magnetron 
sputtering were developed.  

The principle of making the multilayer coatings is that each layer has its function, for exam-
ple, one layer protects the item from hydrogenation and raises its corrosion resistance, the second 
layer improves its mechanical characteristics, the third one performs additional process functions. 

The method was developed to apply nanostructured coatings. Since structure to no lesser de-
gree determines material properties than composition, change of solely coating structure for nanos-
tructure without change of its composition can significantly change coating properties. 

The investigations of influence of developed protective coatings on properties of zirconium 
components were performed. The results have shown that coating application improves mechanical 
characteristics of zirconium components and their corrosion resistance, and also reduces degree of 
hydrogen absorption by them. 

 
2. Surface modification 

Various methods of surface modification of zirconium items by dynamic force of microbodies 
using magnetoabrasive processing, dynamic-jet processing by spherical microgranules of thermal-
oxidative zirconium and other alloys close by composition to zirconium alloys, and thermal-kinetic-
jet processing Cold Jet by dry ice microgranules were mastered.  

The developed surface modification processes, in addition to improving the operating charac-
teristics of zirconium items, will also allow: 1) to provide a high accuracy of processing that will 
improve accuracy of geometrical sizes of items and will provide more narrow field of tolerances: 
will reduce tolerance for wall thickness and diameter; 2) to upgrade surface quality and condition; 
3) to replace etching operation by environmentally less harmful processing. 

Without surface precleaning the zirconium items have rather low corrosion resistance as there 
are contaminations on them after fabrication, and places of flaws contain plenty of precipitations of 
impurity phases containing Si, Ca, Al, and also small amounts of K, Na, Mg, Cl, S and Fe. For con-
taminations removal from zirconium surface it is necessary to remove metal layer at a depth of 
30−50 microns. Two methods are used to clean surface of zirconium items: mechanical cleaning 
(grinding, polishing) and etching in acids. Both used method have disadvantages. 

Negative consequences of etching operation are 1) difficulties at washing and harmful influ-
ence of surface contamination by fluorine; 2) environmental harm by a great volume of sewage con-
taining fluorine. 

Grinding operation disadvantage is residual tensile stresses in an item surface layer after process-
ing. These stresses cause poor cohesion with the surface of protective oxide films and result in increase of 
sensitivity to corrosion cracking. 

Methods of surface modification by dynamic force of microbodies do not have these disad-
vantages. Unlike grinding, for example, under magnetoabrasive processing there is an abrasive cut-
ting rather than abrasive roughening, as a result, another microrelief is formed on the processed 
item surface. Feature of the formed surface microrelief is such that during operation of zirconium 
components processed in that way there will be a coolant stream turbulization in their near-surface 
layer that will improve heat pick up and heat exchange. 

The results of investigations give the reason to believe that surface modification by dynamic 
force of microbodies will allow to increase strength of zirconium items while keeping their ductil-
ity, and also to maintain good mechanical properties up to higher temperatures, to improve corro-
sion resistance in a water coolant and to reduce a hydrogenation level. 



The surface magnetoabrasive processing method is promising for zirconium items as it al-
lows, in addition to change the condition of the surface, also to microalloy it as a result of selection 
of appropriate compositions of magnetoabrasive powders. The abrasive composition should include 
elements which transfer to the surface layer during zirconium item processing promotes to improve 
mechanical, chemical and corrosion properties of zirconium as a whole and prevents hydrogen 
penetration into it. Positive results were obtained using magnetoabrasive powders based on Fe-C 
system, cast iron powders and carbide component powders. It gives opportunities to develop new 
methods of directional modification of the surface of zirconium items with simultaneous microal-
loying. 

 
Conclusion 

As a result of the implemented investigations, a most optimal method will be selected to 
change the surface condition of zirconium components with the purpose to improve their perform-
ance characteristics, operational reliability and life extension in the structure of new generation 
LWR FA. 

Various options are possible to use the investigated methods: 1) making the surface layers on 
zirconium components; 2) their surface modification by dynamic force of microbodies or 3) joint 
use of both methods, for example, at first, surface processing (modification) by dynamic force of 
microbodies, and then application of one type of the coatings on the modified surface. 

Besides, different methods of surface processing and their combinations may be used for FA 
different zirconium components depending on their fabrication process features and operating con-
ditions. 
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The high fuel burnup demands has been leading to considerable achievements in advanced fuel pellet and 
cladding material developments in the past two decades. Westinghouse has performed extensive development 
programs to enhance the corrosion resistance of the BWR cladding materials. A number of modern BWR cladding 
materials optimized in terms of chemical composition and manufacturing processes has been successfully 
developed and used in commercial reactors. Substantial in-pile and post-irradiation examination data for a wide 
variety of operating conditions have been accumulated during the last years. The modern Westinghouse BWR 
cladding operating experiences demonstrate excellent corrosion resistance and hydrogen uptake up to a rod 
average burnup of 75 MWd/kgU.   
 
In this paper, the recently examined in-reactor corrosion and hydrogen uptake behaviour of the modern 
Westinghouse BWR cladding materials and the modelling capability of this behaviour at high burnup is presented. 
The effects of the second phase particle (SPPs) size and distribution on the oxidation and hydrogen pickup rates is 
demonstrated and discussed for cladding materials with different manufacturing processing. New models for 
predicting the apparent oxide thickness and hydrogen concentration absorbed in the cladding have been developed 
and verified against the extended database for high burnup, based on the improved understanding of the 
mechanisms involved in the oxidation and hydrogen pickup processes.   
 
The new cladding corrosion model is based on the hypothesis that oxidation kinetics consist of multiple modes 
and steps, namely, a cubic root law growth in the beginning of oxidation stage, a linear growth kinetics and a 
second transition stage. One of the important features of the new model is that the hydrogen concentration effects 
on the accelerated oxidation during the second transition, especially after the complete amorphisation of the 
second phase particles, have been taken into account. 

The new hydrogen pickup model is based on the assumptions that the rate of the hydriding process is firstly 
determined by the amount of hydrogen liberated in the oxidation process where the protective barrier controls the 
diffusion process, and then accelerated exponentially with the fast neutron fluence (≥ 1 MeV) irradiation time 
when SPPs are fully dissolved in to material matrix.  

The corrosion model is verified against high burnup performance data up to rod average burnups 78 MWd/kgU 
for modern Westinghouse cladding material. The new hydrogen model has been verified up to a rod average 
burnup of 63 MWd/kgU. 
 
Some important correlations evolved from the modelling are illustrated in Figures 1 to 4.   
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The Advanced Fuel Cycle Initiative (AFCI) program is aiming to develop high burnup fuels for 
use in current and future light water reactors (LWRs). Achieving higher burnup would reduce the 
rate at which used nuclear fuel is created and thus reduce the total amount of used fuel requiring 
recycling or geologic disposal. One of the factors limiting the burnup of current LWR fuel is the 
buildup of internal pin pressure, which occurs because of the release of gaseous fission products 
from the fuel matrix into the gap and plenum regions. Theoretical calculations and experimental 
results have shown that increasing the grain size of uranium dioxide fuel helps to reduce the 
release of fission products from the fuel matrix under irradiation and thus slow the buildup of 
internal pin pressure.   
 
Obtaining large-grained fuel can be accomplished by several methods, one of which is adding a 
small concentration (< 1 wt%) of a metal oxide to UO2 powder before sintering. In this research, 
UO2 powder was doped with oxides of niobium (Nb), aluminum (Al), chromium (Cr), scandium 
(Sc), vanadium (V), and titanium (Ti) at a concentration of 0.5 wt%. The powders were mixed in 
an HDPE bottle under atmospheric pressure with stainless steel shots added.  A planetary ball 
mill was used to mix the powders.  The powder mixtures were then made into green pellets using 
a hydraulic press at a pressure of approximately 300 MPa.  The green pellets were measured 
between 50% and 60% theoretical density (TD).  The green pellets were sintered in an induction 
furnace while flowing Ar-5%H2.  The pellets were sintered at 1700 °C for four hours.  The final 
densities of the sintered pellets were measured using an immersion technique.  All pellets were 
sintered to greater than 93% TD.   
 
Microstructural analysis was performed using an optical microscope, an x-ray diffractometer, 
and a scanning electron microscope to determine the effects of the dopants on the sintered 
pellets. The grain sizes were measured by chemically etching polished sections of the samples. 
Titania showed the most substantial increase in average grain size with a 281% increase 
compared to undoped UO2. Other dopants that showed potential for increasing fuel grain size 
were niobia, alumina, chromia, and vanadia. Scandia had no significant effect on the grain size 
of the fuel.  Overall, the ability of a small amount of dopant to promote larger grains in uranium 
dioxide fuel was shown, with titania having the greatest potential.  Several studies of doped fuel 
undergoing irradiation have noticed an increased rare gas diffusion coefficient with the presence 
of the additive.  Thus far, the effect of titania on the rare gas diffusion coefficient has not been 
well documented.  Irradiation studies should be performed to quantify the effect of titania on the 
rare gas diffusion coefficient for doped fuel undergoing irradiation. 
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A Commercial Thorium-based Fuel for LWRs 
 

Thor Energy AS,  NORWAY 
 
 
Thorium-based fuels offer great potential to address large-scale energy needs with improved 
sustainability. Thorium oxide exhibits numerous advantageous features as a fuel form:  in 
itself it produces practically no long-lived actinides,  it lends high proliferation-resistance and 
it has excellent material properties that contribute to high safety and waste management 
credentials.  
 
NORWAY’S THORIUM FUEL DEVELOPMENT INITIATIVE 

A new thorium-based fuel is being developed by the Norwegian company Thor Energy, and 
this will target the commercial Light-Water Reactor (LWR) market.  The ceramic oxide fuel 
will incorporate recovered LWR plutonium – homogeneously distributed in a fertile thorium 
oxide matrix.  The fuel material is denoted TOP for Thorium Og Plutonium, og being the 
Norwegian word for “and”. 
 
Thor Energy is working within a staged approach for deploying thorium fuels – a first phase 
will build on today’s MOX fuel infrastructure,  a second phase will see industrialization of 
technologies for extracting bred-in U-233 and reusing this in current-generation reactors,  a 
third phase will see thorium fuels designed for breeding in advanced LWRs, and subsequent 
recycle of bred-in U-2331. 
 
This phased introduction of thorium fuel fits in well before the entry-into-service of 
significant numbers of Gen IV (fast spectrum) reactors.  Thorium fuel options can in fact 
serve to “hedge ones’ bets” for providing more sustainable nuclear energy before this point. 
 
CURRENT THORIUM FUEL DEVELOPMENT WORK 

Thor Energy has started detailed planning for an experimental campaign comprising pellet 
fabrication trials and a test irradiation in the Halden research reactor, in which the 
performance of (Th,Pu)O2 fuel pellets will be investigated in conditions valid for licensing in 
LWRs. 
 
In parallel with this, fuel assembly designs are being generated for existing and new BWRs.  
Pin size and other lattice geometry parameters are being optimised against neutronic 
parameters and the efficient utilisation of plutonium.  Thermal-hydraulic compatibility with 
existing BWR fuel assemblies will be ensured.  A rigorous demonstration and verification 
program will support the bundle development work, and this will be presented in the paper. 
 
A roadmap for Thor Energy‘s fuel development work is outlined in the paper. The main steps 
are: 

• Assembly neutronic design and optimization (2009) 
• Assembly thermal-hydraulic design and compatibility assessment (2009 - 2010)  
• Establishment of a process for fabricating high-quality TOP fuel pellets (2009 - 2010) 

                                                 
1   In no case is the separation of pure U-233 suggested – rather it will always be kept in a highly proliferation 
resistant form. 



• TOP pellet sample fabrication and irradiation in the Halden test reactor (2010 – 2015) 
• Code validation and fuel data collection (2009 – 2015) 
• Technical feasibility study, including reactor safety assessments (2009-2011) 

 
Lead Test Assembly (LTA) irradiation in a commercial LWR is a necessary step after the first 
fuel testing experiments.  This will require establishment of larger-scale thorium oxide based 
fuel fabrication capacities, as well as further detailed reactor safety assessments. 
 
MOX FUEL INTEGRATION  

The chemical reprocessing of spent nuclear fuel and the re-use of plutonium in the form of 
Mixed-Oxide (MOX) fuel is well-established.  MOX technology is being applied to manage 
surplus weapons-grade plutonium, the idea being to destroy the sensitive material while 
capturing its energy content. 
 
Thorium-plutonium oxide fuel will have many characteristics in common with MOX fuel, and 
it will have the same range of applicability.  But the thorium variant has important advantages 
including: 

• Efficient burning of plutonium – no new plutonium is produced under irradiation 
• More plutonium can be loaded into the fuel – improved disposition capability 
• Fuel pellets are more robust – less FGR, potential to achieve higher burnup 
• Excellent waste form – low-leachable, non-oxidisable thoria matrix 
• Superior proliferation-resistance – hard to dissolve, strong self-protection 
• Bred-in U-233 is repeatedly re-usable in LWRs (once reprocessing and fuel fabrication 

technology is developed), unlike the plutonium in spent MOX fuel which undergoes 
such extensive isotopic degradation as to not warrant further recycle steps. 

• Capturing the U233 energy content of spent ‘“TOP” fuel can be deferred for many 
years since its fissile quality does not diminish with time.  

 
The introduction of MOX fuel has paved the way for TOP fuel, both from a technical 
viewpoint and in terms of its licensing.  It is foreseen that any reactor that can be licensed for 
MOX fuel would also be able to operate with TOP fuel in a straight-forward manner.  The 
technique for manufacture of fresh TOP fuel will not differ significantly from that used for 
making MOX fuel. 
 
SUMMARY  

In summary, Thor Energy is taking the first steps towards introducing thorium-based fuel for 
the current generation of LWRs by establishing a competitive alternative to the MOX fuels of 
today. 
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Compact Fuel Based On Micro-Hetero Structure
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The water reactors are the most numerous in the actual 440 reactors world fleet, counting for over 70% of the nuclear
electric power production. One inconvenient of the actual fuels based mainly on urania is the low burnup capability. A
complexity of phenomena contributes to the early out of usage of the fuel, among them the cracks and voids induced in
fuel structure by the fission products and thermal stress. Studying in detail the interaction between the fission out
springs and fuel structure one may acknowledge the important role of the fission products and thermal stress. A novel
nuclear structure based on micro beads with the magnitude adjusted at the size of the fission product range immersed
in a liquid metal may drastically reduce the fission product fuel damage. This fact was observed in mid 1950s and is
known as fuel dispersion theory that gave birth to the later cermet fuels. The novelty the actual micro-hetero-structured
fuel also called “cer-liq-mesh” brings is the usage of a liquid metal instead of a solid metal, and even a smaller
customized dimension of the fuel beads. These material parameters prove to be advantageous eliminating
simultaneously the fission products end or range damage and the thermal expansion cracks by moving the thermal
spike power discharge of the fission products outside the bead. Using coated ceramic beads immersed in liquid and
stabilized mechanically on micro-metal wires brings a thermal conductivity increase by several times, with advantages
on fuel thermal stress and operating temperatures. Another important feature is given by the fact that fission products
chemical stress due to frequent decays is transferred to the immersion liquid that may have a slight convection
movement driving at the extremities of the cladding tube the fission products. Depending on the selected immersion
liquid that gives the buoyancy of the fission products there is possible to have them float all in the upper side of the
sealed cylindrical fuel pellet as happens for LBE or if the liquid is NaK the fission products will end separated in solid
and liquid fractions in the lower part and gases in the top side. The nuclear reactivity of the fuel is given by the fuel
liquid ratio and may be adjusted by compaction. After a period of use of several years there is possible to recover the
fuel by unsealing the pellets and extracting the fuel almost clean. The nonproliferation conditions are met by blending
the fuel with secondary actinides that makes it unusable in compact hard neutron spectrum nuclear devices. The easy
fuel recovery and reuse eliminates the need of hazardous chemical reprocessing procedures as Urex making possible
that fission products to be easily collected and chemically stabilized and partitioned. These fission products may be
treated not only as waste but also as future very special and precious ore, if they are appropriately partitioned and
stored. The new fuel may is almost equivalent with the actual LEU fuel and may have extended life in near constant
reactivity adjusted by fissile-fertile isotopic ratios. The “cer-liq-mesh” fuel in spite of its initial fabrication complexity
is bringing significant improvements in usage and simplifications in waste treatment procedures. 
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To meet the challenges of world-wide needs for electrical power in the 21st century, the U.S. 
Department of Energy’s Global Nuclear Energy Partnership (GNEP) program is proposing the 
development of new fuels, as either mixed oxides or metal alloys, along with fast reactors to 
burn them. Modeling and Simulation (M&S) capabilities are expected to play a major role in fuel 
development and fast reactor design with the promise that simulations can help to compress the 
design cycle and reduce the time needed for licensing. Demonstrating to decision-makers that 
they can use code predictions with confidence depends on physical experimentation as well as 
Verification and Validation (V&V) activities that, collectively, quantify the sources and effects of 
measurement and prediction uncertainty. This work proposes to assess whether a simulation 
model has reached a degree of maturity that is sufficient to justify that its predictions be used. 

Our approach starts by stating that dependency on simulation primarily stems from our inability 
to conduct a sufficient number of experiments for the desired settings or regimes of interest. 
This is true, for example, to model the material behavior of metals subjected to a broad range of 
irradiation, temperature, strain and strain-rate loadings needed to simulate normal operations or 
abnormal accidents, such as a loss-of-coolant. However, if one were able to conduct enough 
experiments, it would be reasonable to envision that a model could be calibrated to the point 
that its predictive uncertainty is reduced down to uncontrolled, natural variability. We conclude 
that, as new experimental datasets become available, the disagreement between experiments 
and simulations can be reduced to “true bias.” We propose to use the stabilization of prediction 
discrepancy, together with other attributes of a model, to define predictive maturity. 

This concept of predictive maturity is applied to a material model of Beryllium metal. The non-
linear, Preston-Tonks-Wallace (PTW) model of plastic deformation is used to predict stresses 
given a range of temperatures, strains and strain-rates. The question “does collecting additional 
data improve predictive maturity?” is answered by assessing maturity iteratively as additional 
experimental datasets become available. Results reflect that experimental coverage is as 
important to predictive maturity as goodness-of-fit. They also indicate that stabilization can be 
observed provided that enough physical experiments are available. It is concluded that, for this 
application, model discrepancy is “stable” and it is reasonable to extrapolate model predictions 
away from regimes where validation tests have been conducted. (Abstract approved for 
unlimited, public release, LA-UR-08-7313, Unclassified.) 
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Abstract 

 
Recently annular pellet fuel has been focused as an innovative fuel for high burn-

up and extended fuel cycle operation. It is ascribed to the fact that dual side 

cooling of fuel rod through inner and outer coolant channels can significantly 

lower the fuel temperature. However, the design brings out many difficulties in 

the prediction of fuel performance analysis, particularly in the evaluation of gap 

conductance.  

In general, the gap thickness is determined by irradiation densification and 

swelling of fuel, thermal expansions of fuel and cladding, and creep-down of 

cladding. Unlike solid fuel pellet, however, The nuclear fuel thickness decreases 

and the cooling water exist on the inner and outer side, that is, fuel temperature is 

lower than solid fuel., such as heat split difference inside and outside, Dual side 

cooling annular fuel has many advantages that enable to actualize higher power 

density than typical PWR fuel. 

 In case of research conducted by MIT, anchor ring are generally introduced in 

analysis of each fuel performance related to structural change, for instance inner 

radius is assumed anchor ring using the finite element analysis code with 

analytical approach. In this study, not considering swelling and densification, on 

the use of the heat conduction equation and stress-strain relations, we conducted 

parametric study with appropriate assumptions. Thermal strain is the function of 

coefficient of thermal expansion α, the thermal conductivity κ, the poisson’ s ratio 

ν, geometry of annular fuel, and heat generation rate. As a result, the maximum 

temperature of the annular pellet turn out to be below 700�, even in 200% power 
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up-rated conditions, pellet temperature remains below 950�. Furthermore in 

accident conditions, sub-channel local boiling occurs, pellet temperature is still 

below 1000� that is very small value compare to existing solid fuel.  

 If the heat flux ratio,
innerouter qq ''/''  , is less than unity, deformation due to thermal 

stress occur inward. That is, inner gap decrease and outer gap increase. But In 

reactor conditions, it seems that deformation due to thermal stress takes place 

outward. Because heat flux ratio,
innerouter qq ''/''  , is usually lager than unity. 
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Abstract – For future prospects and to minimize the required Natural Uranium 
resources, increasing the PWR cycle length and the fuel burn-up beyond 70 GWd/t are an 
important issue. This strategy necessarily implies an increase of the initial reactivity reserve 
and consequently of the capability of the control systems to compensate this reserve at the 
beginning of the cycle. Burnable neutronic poisons, such as Gadolinium, are usually used 
together with soluble boron. However, in order to limit the degradation of the pin thermo-
mechanical properties (especially the thermal conductivity), the Gd content in the fuel pellet 
is generally limited to 8%. Therefore, the use of Erbium has been proposed as an alternative 
poison to Gadolinium. The concept illustrated here consists in incorporating Er directly into 
the cladding tube (instead of introducing it into the fuel as Er2O3 oxides) 1, 2 .  

 
First, the microstructure and the properties obtained on different experimental alloys 

containing up to ~18 wt.% of Erbium have been investigated. For erbium up to ~10%, 
elaboration by conventional arc-melting of small sheets allowed to obtain homogeneous 
alloys. From the microstructural point of view, the occurrence of “internal oxidation” (i.e. 
precipitation of Erbium-rich oxide particles during high temperature thermal treatments) has 
been observed and thus, as possible, low temperatures of annealing have to be employed 
during fabrication route to avoid the precipitation of coarse Er oxides which could be 
detrimental to the ductility/toughness of the resultant cladding tube material.  
 

Increasing the amount of erbium from ~1 up to 10% induces an alloy hardening and a 
decrease in the ductility. From the tensile properties measured at Room Temperature (RT) 
and at ~325°C (close to in-service temperatures), the best strength/ductility ratio was 
obtained for a fraction of erbium ranging between ~3% and ~8% typically. But, some 
autoclave tests performed in pressurized water at ~360°C have shown very poor corrosion 
resistance impeding the use of such alloys directly in contact with an outer water (or steam) 
environment.  

 
Thus, in a second step, a three layers cladding tube has been fabricated at a lab 

scale, consisting of Zr-1%Nb(O) outer and inner (corrosion resistant) layers and an 
intermediate Zr-4%Er layer elaborated thru a non conventional Powder Metallurgy (PM) 
process. The fabrication route involves a high temperature co-extrusion and then a final cold-
working using a HPTR-type rolling mill. The final as-received structure and properties of this 
3-layers cladding have then been characterized and will be briefly presented. 

                                                 
1 C. Chabert, J.-C. Brachet and P. Olier, « Neutronic study for introduction of Erbium as a burnable poison into 
the fuel cladding tube to enable PWR core control”, Proceedings of ICAPP 2008, Adeheim, USA, June 8-12, 
(2008), Paper 8159 
2 J.-C. Brachet, P. Olier and C. Chabert, “French CEA patent: BD 1725” - October 16th 2006, international 
extension – October 16th. 2007 
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Fuel for new Russian reactor VVER-1200
()

A great program is accepted in Russia on increasing the nuclear power capacities. The basis of the program is
commissioning of VVER-1200 Units of AES-2006 design. This is largely an evolutionary project of VVER-1000
reactor plant. It is referred also to reactor core. The plant electric power is increased due to increase in the reactor
thermal power and forcing the main parameters and the efficiency increase. With this, reactor pressure increases from
15,7 to 16,2 MPa. The reactor inlet temperature increases from 290¨¬¬³ to 298¨¬¬³, and outlet temperature from
319¨¬¬³ to 329¨¬¬³. In a set of the design for four Units (2 Units at Novovoronezh NPP and 2 Units at Leningrad
NPP) two base fuel cycles are developed: 5¬ç1 year and 3¬ç1,5 year. To provide such fuel cycles the fuel loading is
increased by 8 tons, as compared to VVER-1000 base design, due to fuel column increase by 200 mm and change of
fuel pellet sizes. In the mentioned fuel cycles the average burnup in the unloaded batch will be ~57 MW¡¤day/kg U
and 52 MW¡¤day/kg U (maximum burnup over FAs is 64,5 MW¡¤day/kg U and 60,3 MW¡¤day/kg U), respectively.
Specific consumption of natural uranium will be reduced by 5% as compared to that reached at VVER-1000 reactor. In
spite of increase in Unit power the limiting permissible fuel rod linear heat rate is decreased from 448 W/cm to 420
W/cm. Refueling pattern is used with small neutron escape. The safety criteria are used that were established for
VVER-1000, except for those that did not comply with EUR. For instance, the number of leaky fuel rods under
accident is limited. The more stringent requirements are stated on efficiency margin of CPS rods for reactor shutdown
that is ensured by the increased number of CPS rods. The well-proved design of fuel assembly TVS-2 and its close
modification TVS-2M, operated at Balakovo NPP and Rostov NPP, is laid down in the basis of the core design. The
load-carrying component of this structure is a rigid skeleton formed by guiding channels and spacing grids. The
spacing grid is made of the honeycomb cells welded to each other by resistance welding. The grid height is increased
to prevent warping under thermomechanical influence of fuel rod bundle. Due to improvement in design of FA top and
bottom parts the height of fuel rods and, accordingly, of the core is increased. The fuel assembly contains the easily
removed top nozzle, joined to the guiding channels. The fuel rod end pieces are installed into the lower steel grid. The
number and structure of grids assure absence of fuel rod fretting wear. Stream-lined and rigid structure of grids ensures
a possibility of performing the handling procedures at increased rate. As, for instance, the core loading and unloading
can be performed at the rate to 4 m/min that makes reduction in the reactor refueling time and increase in load factor.
The alloy ¬¿-110, the same as in the prototype, is used as the fuel rod cladding material. Its high corrosion resistance
is known also at increased parameters of new reactor. To improve the operational reliability of assemblies the design
of anti-debris filter is developed. Results of FA operation show that there is not only a geometrical stability of the
structure, but also a high residual life. The same is referred to fuel rods as well. All these factors made it possible to
start implementation of the program of operating Units power increase and transition to longer fuel cycles at Russian
NPPs with such type of reactors. A complete set of TVS-2M is under fabrication for the first loading of Unit 2, Rostov
NPP, to be commissioned. Increase in the core height required modernization of ICIS. This experience makes it
possible to use such a structure for AES-2006 with a backfit. The attractive feature of TVS-2M type structure is its
ease of manufacture, a high degree of automation in manufacturing. This will provide for not only maintaining a high
quality of fuel but also a possibility of deliveries for demands intensively growing at commissioned NPPs in Russia
and for export deliveries. A new element, planned to implement into the design of FA for AES-2006, is a mixing grid.
The activities on choosing its design are in progress. The honeycomb-type grids with inclined channels go well
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together to a highest extent with the design of hexahedral assemblies. Having the moderate mixing properties they
keep such advantages as reliability, ease of manufacture and small pressure loss. On completion of comprehensive
justification of such solutions as raising the rate of heat transfer, a possibility and necessity of wider implementation of
a new pellet without central hole and, accordingly, a new fuel rod cladding, as well as a number of other
modernizations, a further increase in reactor plant power of AES-2006 and reduction of specific consumption of
natural uranium are being planned 
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As part of Generation IV programs, and particularly for the Gas Fast Reactor (GFR) and 
the Sodium Fast Reactor (SFR), the uranium-plutonium mixed carbide (U,Pu)C1+x is considered  
as a fuel candidate due to its good thermal properties and its high metal atom density.  

The carbothermic reduction of a mixture of uranium oxide, UO2, and plutonium oxide, 
PuO2 under vacuum or under argon by the reaction:  

  COCPuUCxPuOUO x
onvacuum 2),()3( 1

arg/
22 +⎯⎯⎯⎯ →⎯+++ +  

is the usual process for the synthesis of this mixed carbide. In the framework of FUTURIX 
CONCEPT irradiation, pellets of mixed carbides have been synthesized by this route, at CEA 
Cadarache, in the LEFCA facility. 
 

However, in order to meet new specifications needed for future irradiation tests, the 
study of the mechanisms of the carbothermic reduction is required. Particularly, (1) a better 
understanding of the formation of carbide phases (monocarbide MC, sesquicarbide M2C3 (with M 
= (U,Pu)) and dicarbide UC2 (only observed for carbothermic reduction of UO2)) has to be 
achieved, (2) the volatilisation of plutonium species has to be minimized and (3) kinetic 
parameters (Energy of activation, Ea and rate of reaction k) have to be determined. Previous 
works proposed mechanisms of formation of uranium monocarbide UC and plutonium 
monocarbide PuC1-x by carbothermic reduction, depending on the atmosphere (primary vacuum 
or argon) and explaining the different observed intermediate species (UC2 or Pu2C3), But, no 
study has yet been performed on the formation of mixed carbides MC1+x. 

The present paper described the first results regarding the detailed mechanisms of mixed 
carbides synthesis (MC1+x) by carbothermic reduction of co-milling oxides (UO2 and PuO2). The 
influence of the methods of preparation of powders and the kinetic of the reaction under vacuum 
were focused on. Then, to reduce the volatilisation of plutonium during carbothermic step, the 
use of mixed oxide (U,Pu)O2 obtained by oxalic co-precipitation was foreseen. 
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This study is devoted to evaluation of a new innovative micro structured fuel for future pressurized water 
reactor. This fuel would have potential to increase the safety margins, lowering fuel temperatures by adding a 
small fraction of a high conductivity second phase material in the oxide fuel phase. The behavior of this fuel in 
a standard rod has been modeled with finite element codes and was assessed for different aspects of the 
cycle as neutronic studies, thermal behavior, reprocessing and economics. Feasibility of fuels has been 
investigated with the fabrication and characterizations of the microstructure of composite fuels with powder 
metallurgy and HIP processes.  
First, a CERCER (CERamic = UO2- CERamic matrix made of silicon carbide, SiC) fuel type has been 
investigated, the advantages of a ceramic being generally its transparency to neutrons and its high melting 
temperature. A first design of kernel type fuel was first chosen with a gap between the UO2 particles and the 
second phase material in order to avoid mechanical interaction between the two components. Due to 
lowering thermal conductivity of SiC under irradiation, this CERCER fuel did not allow a temperature gain 
compared to current fuel. No ceramic material seems to exhibit all required properties. Even beryllium oxide 
(BeO), which conductivity does not decrease with irradiation according to the literature, induces difficulties 
with (α, n) reactions and toxicity.  
The study then focused on CERMET fuels (CERamic-METal). The metal matrix must be transparent to 
neutrons and have a good thermal conductivity. Several materials have been considered such as zirconium 
alloys, austenitic and ferritic stainless steals and chromium based alloys. The heterogeneous composite fuels 
were modeled using the 3D/CASTM finite element code. From an economical and neutron point of view, it 
was important to keep a low fraction of metal phase, i.e. less than 10 % of Zr for example. However, the fuel 
temperatures calculations show that 10% vol. fraction of metallic matrix is a minimum to have a substantial 
gain in fuel temperatures in nominal and LOCA conditions. A higher matrix fraction (15% of metal) could even 
simplify the safety system for accident mitigation. Calculations of the hydrogen risk in case of an accident 
show that the increase of hydrogen production can be limited to 40 to 50% more than the UO2 standard if the 
amount of metal fraction is less than 10% vol. Two processes have been chosen to fabricate CERMET fuel 
with low fraction of metallic matrix: the first one by powder metallurgy (tested with UO2 - 20% vol. stainless 
steel), the second one using HIP of coated CVD (tested with ZrO2 with yttrium – 10 % vol. Mo).  
The downstream cycle was studied: starting with the classical PUREX process, the head-end of the 
reprocessing process as well of the amount of the generated waste would be impacted depending on the 
solubility of the different materials of the composite fuel in the nitric acid. Finally, a global evaluation is given. 
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ABSTRACT 
 

To accomplish a further qualitative ramp in novel generation fuel development and to provide 
for the compatibility of electric power production we suggest to replace the container design fuel 
rod, the possibilities of which is practically exhausted, to dispersion type fuel elements (high 
uranium content fuel, U-Mo, U-Nb-Zr, U3Si with Zr alloy matrix). The primary advantages of 
novel fuel are high uranium content (more than 15-40% in comparison with the standard UO2 
pelletized fuel rod), low temperature of fuel (<5000C, cold fuel), the extension of burnup (100 
MW*d/kgU) and serviceability under transient conditions. Novel type of fuel can be used not only 
in rod type fuel elements but also in the design of annular high power density fuels. 

The feasibility is demonstrated on the novel METMET fuel base to use combined U-PuO2 fuel 
(an analog of MOX) fabricated by environmentally clean technology with improved fuel 
characteristics, which lead to nuclear fuel cycle closing. 

Novel approach to reprocessing of combined fuel is demonstrated, which allows to separate 
fissile material without chemical processes, with repeated use in CANDU or PWR reactors, which 
simplifies the closing of the fuel cycle. 

Advantages of novel principle:  
- Achievement of super extended burn-ups (up to 120 MW*d/kgU): introduction of cost-

effective fuel cycles, reduced consumption of natural uranium and lower amounts of spent nuclear 
fuel.  

- Application of high density metal fuel, which reduces uranium-235 enrichment, saves natural 
uranium, increases conversion ratio and ensures inherent safety of reactor plants. In this case 
instead of 5% uranium enrichment to reach average burn up of 60 MW*d/kgU, we can use only 
3.3%, or twice prolong the cycle, which improves the economics of nuclear power. 

- Putting in practice ‘cold’ nuclear fuel concept. 
- Serviceability under transients, which optimizes cost-effective conditions of Nuclear Power 

Plant operation. 
- Replacement of MOX fuel by mastered in Russia alternative plutonium and uranium 

containing fuel, as a result of which there is no need to build MOX fuel fabrication plants. 
As a result – the increase of economic efficiency and lower cost of electrical power to be 

supplied to customer.  
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Different metallic and ceramic materials have been investigated in order to be used as 

inert-matrix for nuclear fuel. This type of nuclear fuel seems to be promising since it may 

reduce the plutonium inventory by light water reactor and its consequent utilization as 

nuclear weapon, as well as it may reduce the amount of minor actinides which are 

responsible by the long-term radiotoxicity of the spent nuclear fuel [1]. 

Many features should be considered to select the inert-matrix for nuclear fuel in light water 

reactor, as followed [1]: 

- low cross-section for neutron absorption; 

- good chemical compatibility with the nuclear fuel, i.e, the inert-matrix should not 

react with the fissile material during the manufacture process in order to produce  

inadequate phases; 

- good behaviour during the irradiation, i.e., it may be stable during the reactor 

operation and presents low swelling; 

- adequate thermal behavior, i.e., high thermal conductivity and  high melting point. 

Considering these features, ceramics as zirconia, silicon nitride and silicon carbide may be 

propitious for these applications, and these chosen can lead to produce a nuclear fuel 

characterized by a solid solution or a composite material. 

 

Zirconia 

 

Zirconium oxide (ZiO2) is one potential candidate for inert-matrix. It exhibits three well-

defined polymorphic states: monoclinic, tetragonal and cubic, which depend on the 

temperature and pressure [2]. The most interesting for the considered application is that 

zirconia ceramics with cubic structure. They have small neutron absorption cross section 

and high melting point, additionally are chemically compatible with materials usually used 

mailto:cecilia.chaves@ctmsp.mar.mil.br


as cladding, such as zircaloy [3]. The stabilization of the cubic structure at the desirable 

range of temperature is obtained with some oxide addition, for example ceria and yttria,  

that will influence the ceramic properties. 

 

Silicon nitride 

 

Silicon nitride based ceramics (Si3N4), formed by covalent Si-N bonding, are promising 

inert-matrix due to its high refractivity, high thermal conductivity and chemical stability at 

high temperature [4]. Also, silicon nitride is characterized by two polymorphic states, alpha 

and beta. Despite of the Si-N covalent bonding and low coefficient diffusion, additives are 

required to promote the densification of silicon nitride based ceramics [2].  

Hence, as well as in zirconia ceramics, the features of silicon nitride are function of the 

sintering aids which are usually MgO, Y2O3, Al2O3 and rare earth oxides [5]. The chosen of 

the additives should consider their ability to aid in sintering process and to promote 

ceramic materials with propitious properties.  

For inert-matrix, an important characteristic to be considered of the sintering aid is the 

cross section for neutron absorption which should be as small as possible. Also, it would 

be interesting that these additives could promote a solid solution with the silicon nitride in 

order to avoid the presence of second phases in the grain boundaries of the ceramic. 

 

Silicon carbide 

 

Silicon carbide (SiC) based ceramics may be a great alternative for inert-matrix because 

they have very high thermal conductivity, good thermal shock resistance, high melting 

temperature, good chemical stability and low neutron absorption [6].  

Although the covalent bonding is responsible by major good properties of silicon carbide, it 

also becomes difficult the sintering process of the material. The sintering process of SiC is 

similar to that for Si3N4, i.e., oxide sintering aids are frequently used to promote liquid 

formation at high temperature. Therefore, also as silicon nitride and zirconia ceramics, the 

microstructure sensitive properties of silicon carbide are depending on additives used as 

sintering aid. 
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Abstract 

 
A dual cooled fuel consists of internal and external cladding tubes in which annular pellets are 

stacked and cooling water flows in both internal and external coolant passages. It is recently being 

reconsidered as a promising option for a power uprate of a pressurized water reactor fuel assembly 

because an annular fuel shows a lot of advantages from the point of a fuel safety and its economy due 

to an increased heat transfer area and a thin pellet thickness.  

Many technical issues might cause a serious problem to adopt the dual cooled annular fuel to the 

commercial PWR reactors. One of the most important issues is a heat flux split toward an internal 

cladding and an external cladding due to the gap conductance asymmetry which results from a 

preferential expansion of a fuel pellet toward the outside during an irradiation. Gap conductance is 

directly related to the inner and outer gap thicknesses. Initial gap thicknesses can vary with a pellet’s 

dimensions which are affected by a reactor operation condition. Recently, it is suggested that a fuel 

rod with a smaller inner gap and a larger outer gap can reduce this gap conductance asymmetry. This 

approach can be effective only after precise tolerance technology is achieved.  

Because of an inhomogeneous green density distribution along the compact height, an hour-

glassing usually occurred in a sintered cylindrical PWR fuel pellet fabricated by a conventional 

double-acting press. Thus, a sintered pellet usually undergoes a centerless grinding process in order to 

secure a pellet’s specifications. In the case of an annular pellet fabrication using a conventional 

double-acting press, the same hour-glass shape would probably occur. The outer diameter tolerance of 

an annular pellet can be controlled easily similar to that of a conventional cylindrical PWR pellet 

through a centerless grinding. However, it appears not to be simple in the case of an inner surface 

grinding. It would be the best way to satisfy the specifications for the inner diameter in an as-

fabricated pellet. 

This paper deals with three different approaches that we have tried to reduce the diametric 

tolerance of the sintered annular pellet. We focused on the tolerance of the inner diameter in as-

sintered annular pellet without a post grinding. First, we introduce a new compaction process which 

combined a usual double-acting pressing and a cold isostatic pressing. A green density distribution in 

the annular compact became more homogeneous during a cold isostatic pressing with a precisely-

machined metal rod inserted. Secondly, we designed a modified compacting mold with inclined mold 

walls and it was applied to a single-acting pressing. An inclination angle was determined by using 

linear shrinkage data as a function of a pellet height. The inner and outer diameters of a green annular 

compact became larger according to the amount of linear shrinkage at a certain height of the compact. 

The cone shape of a green compact helped to reduce the diametric tolerance in a sintered pellet. 

Finally, we attempt to improve the inner diametric tolerance during sintering process. An annular 

compact was sintered with a zirconia rod inserted. A zirconia rod could put a stopper on an 

inhomogeneous deformation of the inner surface and thus it reduced the inner diametric tolerance of a 

sintered annular pellet. An excellent inner diametric tolerance can be obtained for a sintered annular 

pellet which is fabricated by those three new manufacturing processes without an inner surface 

grinding. 
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STUDY ON SILICIDE FUEL BEHAVIOR DURING
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Kazuaki YANAGISAWA (JAEA)

ABSTRACT The pulse irradiation tests were conducted on fresh (un-irradiated) silicide mini-plate fuels to study the
fuel reliability under power transient. In the study the peak cladding surface temperatures (hereinafter abbreviated as
PCST) ranged from 140 deg. C to 970 deg. C. The major findings from the in-core study and post-irradiation
examination (PIE) are as follows: -SINGLE PLATE CONFIGURATION: (1) The tested silicide mini-plate fuels were
intact at energy depositions <82 cal/gEfuel plate but were damaged at energy depositions of >94 cal/gEfuel plate. A
failure threshold must be existed between these two values. (2) Neither failure nor degradation of a dimensional
stability of the tested silicide mini-plate fuel occurred in the temperature below 200 deg, C. (3) Fuel failure above
temperatures of 200 deg. C was dependent upon the PCST of the test fuel plate. Failures at temperatures <400 deg. C
might be attributed to thermal stress arsing from the temperature drop during the quench. This occurred where several
local intergranular cracks perpendicular to the axial direction of the plate propagated from the plate surface to the fuel
core. Test fuel plates showed no significant dimensional changes. Failures at temperature >400 deg. C, were mainly
attributed to the Al cladding melt, where significant dimensional changes such as bowing, necking, molten Al
agglomeration, and fuel core separation occurred. (4) At higher temperature around 925 deg. C, there occurred reaction
between molten Al and fuel meat (U3Si2+USi). Total thickness of the additional phases was of the order of 1/3 at the
original silicide particle diameter. -TRIPLET PLATE CONFIGURATION: Silicide mini-plate fuels (4.0 or 3.0gU/cc)
fabricated a scale factor of 1/5 of Japan Research Reactor (JRR)-3 were arranged with a triplet configuration to have a
water gap by 2.38mm. After pulse irradiation of 78cal/gEfuel plate, a reliability addressed to water channel closure
occurred by a plate bow was studied through post-irradiation examination (PIE). The revealed are; (1)PCST of mid
Sp.13 (4.0gU/cc) reached a peak of 475Ž (>228Ž of licensed temperature for water channel closure in JRR-3), where
the temperature of coolant in the water gap was 140Ž and that in the open gap was 50Ž. Sp.13 did not fail. Bowing did
not occur, either. (2) PCST of internal Sp.14 (4.0gU/cc) reached a peak of 192Ž(<228Ž) and bowed to 1.15mm (48%
closure of a water gap). The bow was enhanced by bimetal effect arisen from uneven temperature profile across the
test specimen , that is 127Ž for coolant side and 49Ž for open gap side. (3) PCST of external Sp.9 (3.0gU/cc) reached a
peak of 175Ž(<228Ž) but did not bow due to even temperature profile across the fuel plate. Test specimen did not fail,
either. (4) Judging from the experimental fact that an enough magnitude of ƒ¢T (>94Ž) combined with a rapid
quenching time (<0.13s) is necessary to cause a through-plate cracking failure. Lack of failure occurred in the present
study can be explained by this judging criteria. Keywords power transient, low enriched silicide fuel, research reactors,
DNB, fuel failure threshold, dimensional change, water channel closure, triplet configuration 
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Abstract – A study on thermo-mechanical behaviour of the fuel rod with cladding made of 
Silicon Carbide (SiC) for light water reactor (LWR) is carried out.  

Developments of next generation reactors are performed in the different frames, such as 
Generation IV, Next Generation LWR in Japan, etc.. In these works, nuclear fuels are 
expected to survive longer operation and higher burnup. In the case of LWR, higher fuel 
material inventory and higher performance of cladding are essential. Since it must be one of 
the solutions regarding the former point to establish higher 235U enrichment fuel instead of 
current enrichment limit for the conventional industrial circumferences, a comprehensive 
development project for over 5% enrichment fuel is proceeding in a project funded by 
Ministry of Economy, Trade and Industry (METI), in Japan. For the latter issue, current 
cladding of Zr-based alloy will suffer from heavy oxidation and hydration in high burnup. 
Especially, delayed hydride cracking from increasing hydrogen pickup with higher burnup 
will make the fuel life limited in a certain burnup.  

As the Zr-based alloy is intrinsically a material which absorbs hydrogen, it is important in 
the modification of the material to get oxidation rate to be lower because the lower oxidation 
leads the lower hydrogen generation in the material. Such development is going in different 
organisations. 

Besides the development efforts of modification of metals, studies to apply ceramics such 
as SiC/SiC composite to nuclear technology are conducted. The SiC-based material has a 
tendency to keep mechanical strength and anti-corrosion behaviour in high temperature, and 
is inherently hydride free. This material is, therefore, very promising to use as a cladding 
material for the higher burnup fuel. But the thermal conductivity of ceramics is generally 
lower compared to metals, and degradation of the thermal conductivity of SiC-based material 
with neutron irradiation is reported so that higher fuel temperature is concerned. 

Apart from SiC/SiC composite, SA-Tyrannohex® (Ube Industries Ltd.), which is 
fabricated from SiC fibers with hot isostatic pressing method, has excellent good thermal 
conductivity. The SiC material is considered as a candidate, and hence studies to apply the 
material to LWR fuel cladding are now performed by TOSHIBA. 

Test specimens of the SA-Tyrannohex® are devoted to the properties evaluations, namely 
thermal conductivity, mechanical strength and so on. It was confirmed that the material has 
good thermal conductivity as high as over 40W/m/K at 400°C, about 3 times as Zr-based 
alloy, and mechanical properties were sufficient for LWR cladding. 

The measured thermal conductivity of the un-irradiated material was installed into a 



computer code to calculate fuel thermo-mechanical behaviour (FEMAXI-6, Japan Atomic 
Energy Agency) and the irradiation degradation property was also modelled by assuming 
from literatures. The thermal conductivity by neutron irradiation decreases to about 25% of 
the initial value at 10GWd/t. 

Fuel behaviour calculated with typical current and next generation PWR conditions was 
obtained to compare it among different cladding materials. The fuel centre line temperature 
with the cladding of the SiC material was higher than that with Zry-4 in the early period of 
the fuel life because of decreasing of thermal conductivity and no changing gap conductance 
due to no creep down. But from the middle of the life, Zry-4 suffered from decreasing 
thermal conductivity due to oxidation in the surface of the cladding. In the end of the life, the 
fuel temperature has behaved same among the two claddings. This temperature tendency 
results in approximately same fuel behaviour, such as fission gas release, thermal stress on 
the cladding and so on. 

Consequently, it is concluded that the fuel with SiC material cladding may be feasible for 
the application to next generation reactors. Irradiation tests are going to be performed. In the 
future, more detail evaluation is necessary including the irradiation effects. 
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A Potential of Dual Cooled Annular Fuel for OPR-1000
Power Uprate

T-H Chun, C-W Shin, W-K In, K-H Lee, K-H Bae, K-W Song (KAERI-Korea)

A highly promising concept of externally and internally cooled annular fuel for PWRs was studied earlier by MIT to
increase the power density substantially. The reference plant of the study was the standard Westinghouse PWR. The
purpose of this study is to evaluate a potential of the annular fuels for the OPR-1000 in Korea in terms of power uprate
along with different constraints. The constraints are those considerations like more adaptive to the existing power
plants by means with fewer changes on the plant system components and less impact on the current fuel design
practice. Specifically, first of all, the fuel array configuration has to be structurally compatible with the current solid
fuel in the operation of current control rod driving mechanism. Others are no reactor coolant pump changes, same core
outlet temperature in standpoint of the plant system and operation, and 3 batch reload, fuel enrichment less than 5 w/o,
maximum fuel burn-up less than 60 Mwd/kgU for the fuel management scheme. In this paper a proposed annular fuel
for OPR will show the satisfaction of power uprate up to 20% through the reactor physics analysis, thermal-hydraulic
analysis and safety analysis.
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ABSTRACT 
 
A nuclear fuel element should be designed not only to maintain its structural integrity under any 
operating condition, but also to ensure that the natural frequencies of the fuel element are mismatched 
with all of the external excitation frequencies in the operating reactor core. A dual-cooled nuclear fuel 
compatible with a conventional reactor core should also meet the above requirements unless the core 
internals or plant's operational condition can be changed. There are various excitation frequencies 
neighboring with normal vibration frequencies of fuel element in operating reactor core. Based on the 
literature survey, pump blade passing frequency, vortex shedding at various fuel elevation, frequency 
of lower support's periodic motion were reported as three main categories of expected excitation 
frequencies.  
 
Vibration behavior of nuclear fuel in operating reactor depends on the variation of support condition, 
deformation of cladding/pellet itself, instant core thermo-hydraulic condition, change of axial force 
due to change of internal pressure; in addition, all these parameters are an implicit function of fuel 
burnup. So, vibration problem of nuclear fuel rod should be treated as a time-varied, multi-span, 
elastically supported beam which nonlinearly behaves due to contact support and support looseness. 
But in preliminary design stage, a simple prediction model is available through the simplification of 
support condition and fuel cladding/pellet behavior. 
 
In the present study, the initial core vibration design for the number of support of dual-cooled fuel rod 
was carried out. The supporting condition of a dual-cooled fuel rod is assumed to be the same as those 
of the conventional solid fuel rod, but the number of supports is classified into four cases with respect 
to the two fuel types. While, previously verified simple finite element model using a planer beam and 
linear spring elements were used for an analysis model of the vibration characteristics for a dual-
cooled fuel rod. The bending rigidity of dual-cooled fuel rod was measured by the model test in the air. 
Then, the design number of supports, for the target of the core compatibility, whose dual-cooled fuel 
rod has similar dynamic characteristics to the conventional PWR fuel rod is then proposed. Finally, 
the dynamic stability analysis of a dual-cooled fuel rod with design number of support was performed. 
Centrifugal and Coriolis force by the additional flow in the inner channel were added in the dynamic 
equation of multi-span, elastically supported, flexible beam in uniform, external, and axial flow. 
Stability margin of dual-cooled fuel rod was compared according to the number of support. 
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PHWRs use natural uranium as fuel and consequently the burn-up coefficient is relatively small 
compared to other existing power reactors. This results in a high volume of irradiated fuel to be 
disposed. 
 
 In order to reduce the high volume of irradiated standard fuel it was studied the opportunity to 
use different advanced fuel cycles containing Pu, Th and minor actinides. 
The burn-up and other reactor characteristics are calculated using the WIMSD code. 
 
WIMSD code analyzes the reactor neutronic behaviour, and calculates: K-infinite, macroscopic 
cross-sections, reactivity coefficients, poison burn-up, etc. It also has the capacity to generate 
burn up and can calculate the inventory of the radio-nuclides of the spent fuel. 
 
The different advanced fuel models studied are:  
 

- A fuel type in which the Plutonium is reprocessed from thermal reactor UO2 fuels 
- A fuel type in which the Plutonium is recovered from the weapons. 
- A fuel type in which the plutonium is recovered from the reprocessing of irradiated 

MOX. 
- Fuel types using Th: U-Th and Th- Pu - MOX 

 
The simulations run for both reactors, actual PHWRs and future ACRs, present the variations of 
k-infinite, the inventory of Pu, minor actinides, and Th for all types of advanced fuel presented 
above. A comparison of the analyzed fuels is made in order to obtain the most suitable fuel 
composition for PHWRs and ACRs. 
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Abstract 
 

The irradiation test of annular fuel pellets for the dual-cooled fuel rod was started utilizing 
HANARO research reactor in KAERI(Korea Atomic Energy Research Institute).  The goals 
of the irradiation test were to acquire pellet behavior data under irradiation which will be 
used in modeling the in-reactor annular pellet behaviors such as densification, swelling, and  
thermal cracking. 

The non-instrumented test rig including six dual-cooled rods was loaded for the irradiation 
test in HANARO. The three test rods were installed at upper half-region of the test rig and the 
others were at the lower half-region.  The pellet density ranges from 90% to 96%TD in the 
upper three rods, which are dedicated mainly to investigating annular pellet densification.  
The lower rods include annular pellets of which density are between 96% and 98%TD. This 
high density is expected to cause the swelling of annular pellets with little densification. All 
the pellets were carefully fabricated, examined, then loaded in the dual-cooled fuel rod.  
Finally, the test rods were filled with pure helium and seal-welded using EB and tig welding 
techniques.  

The design of test rig was proved and verified by the pressure drop test and vibration test to 
verify with respect to the compatibility with the test facility.  The neutronic design was 
performed using HELLIOS code system and a fuel temperature and DNB analysis were 
performed to confirm a thermal safety. 

The irradiation test was started at November 5, 2008., and the target burnup of test rods is 
13.5MWd/kgU. After the irradiation, the test rods will be transported to the post irradiation 
test facility and relevant PIE will be performed to evaluate the annular pellet behaviors during 
an irradiation. 

This paper contains the summary of design and fabrication of annular pellets, fuel rods, and 
a test rig.  The neutronic and thermal hydraulic analysis results for the irradiation test are 
presented, and the predicted fuel behaviors are described.  
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Based on MIT¡¯s concept, an innovative fuel development project was launched by KAERI that a substantial power
uprating could be realized by introducing an internally and externally double cooled annular fuel for current PWR
reactors. In order to apply this duel cooled fuel to an OPR 1000 reactor system, geometrical features of structural parts
in a fuel assembly should be changed except an overall dimension of a fuel assembly. Typical changes are summarized
as fuel rod diameter and weight, shape and position of a spacer grid spring, etc. When considering a duel cooled fuel
rod, its vibration characteristic and fretting behavior should be verified because the modified shape and dimension of
spacer grid spring, fuel rod diameter and weight, number of spacer grid assembly are closely related to a flow-induced
vibration in a duel cooled fuel assembly. In this study, based on FIV test results of 4x4 fuel assembly, fretting wear
tests of an outer duel cooled fuel rod were performed by using an embossing type spacer grid spring that could adjust
its spring stiffness. The discussion was focused on the evaluation of the optimized spring stiffness and spring position
in 1x1 cell by analyzing the fretting wear results.
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I. INTRODUCTION 
 
The current trend is to increase the fuel discharge 

burnup. 
In the framework of a recycling policy (closed cycle) 

higher burnup also affects the quality of the fissile material 
coming back from the reprocessing. It has the following 
consequences : 

 the lower quality of the reprocessed material 
requires either higher ERU1 enrichment 
and/or higher plutonium content in MOX 
fuel; 

 should some limits be reached (manufacture 
limits, maximum 235U enrichment or Pu 
content), the energy equivalence could no 
longer be maintained between recycled fuel 
assemblies (ERU or MOX) and ENU2 ones; 

 in turn, the loss of energy equivalence would 
request larger feed size, and hence would 
limit the burnup increase. 

Consequently, the question is whether an increase in 
burnup could hamper a recycling policy. 

In a closed cycle, and considering only the 2nd or 3rd 
generation PWR, does the increase in burnup still make it 
possible to reduce the need for fissile material? 

Is there an economic optimum? 
This paper attempts to answer these questions. 
 

II. PRESENTATION OF THE METHODOLOGY 
 

 Cycle calculations 
For a given cycle length, the reload parameters (size 

and enrichment) can be determined  according to the most 
limiting nuclear parameters (i.e.: in-core radial power 
distribution, temperature coefficient, shut-down margin). A 
linear reactivity model is used to determine these 
parameters. This model is calibrated on explicit core 
calculations that also confirm technical feasibility. 

 

                                                           
1 ERU = Enriched Reprocessed Uranium 
2 ENU = Enriched Natural Uranium 

 Isotopic inventories 
The average isotopic vectors of assemblies sent for 

reprocessing are determined with the help of correlations 
developed to reproduce ORIGEN calculations. The 
average discharge burnup is used, and the impacts of the 
burnup dispersions resulting from the specific operating 
histories of each assembly, and from the axial profiles, are 
analyzed. 

 Energy equivalence 
To determine the energy equivalence, each actinide 

isotope is weighted by a factor depending on its 
contribution to the end-of-cycle core reactivity. The 
weighting factors are determined for each actinide 
contained in the reprocessed material and are applied to 
determine either ERU enrichment, or Pu content. 

 Manufacturing limits of reprocessed uranium 
assemblies 

Laser enrichment is not considered. With UCP3, the 
product is enriched with all the lighter uranium isotopes; 
the main limit is related to radiation protection in the 
manufacturing process, and concerns the quantity of 232U 
in enriched products. 

 Manufacturing limits of the MOX assemblies 
The maximum Pu content is dictated by the neutronic 

properties of the assembly and by the radiation protection 
at the manufacturing plant. 

The residual heat of PuO2 powder is limited by several 
manufacturing constraints ; the residual heat of the 
manufactured assemblies is limited by transportation 
constraints.  

The residual heat is calculated from the isotopic 
inventory and is calibrated on explicit ORIGEN 
calculations. 

 
The implementation of these simplified models allows 

to perform a large number of parametric studies. 
 

 
 
 

                                                           
3 UCP = Ultra-Centrifugation Process 
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III. PRESENTATION OF THE RESULTS 

 
The analysis has been performed for equilibrium in-

core fuel managements developed for a 1,000-MWe unit, 
operated in 12-month or 18-month cycles, assuming that 
the recycled assemblies result only from the reprocessing 
of the assemblies burned in this fuel management scheme. 
This corresponds to an asymptotic situation that covers 
transient situations where less burned assemblies are 
reprocessed. 

 
III.A. Main limitations 

 
 Reprocessed uranium 

UCP induces a higher enrichment in the 232U isotope 
than in the 235U one. As a consequence of that, the 
limitation of the 232U content also limits the 235U 
enrichment. 

The 232U quantity can be limited by a reduction of all 
the delays in the processes since the definitive discharge 
from the core ; but this cannot solve everything. 

It could be possible to obtain the required enrichment 
by blending ERU with ENU. ERU is enriched up to the 
limit of the 232U content, and ENU enrichment and 
quantity are chosen in order to obtain a full blended ERU 
reload. Such a solution is however achievable only if this 
blended product can be reprocessed (multi-recycling). It 
would result in pollution of the uranium as well as of the 
Pu, significantly limiting its implementation. (the results of 
this solution are not presented here). 

 Pu 
The Pu recycling techniques are limited to MOX that 

is today the sole design proven by a large experience 
feedback.  

A limitation of the residual power of the fresh MOX 
assembly is taken into account for the choice of the Pu 
content. It depends on the burnup of the reprocessed U 
from which it comes, and limits the energy equivalence 
possibilities. 

 
III.B. In-core fuel management 

 
The main results show that when the reprocessed fuel 

burnup increases : 
 the energy equivalence cannot be maintained 

with decreasing quality of Pu and U coming 
back from reprocessing; 

 the lower energy equivalence is compensated 
by higher ENU feed enrichment which is 
limited to 5%; 

 when all the manufacture limits are reached, 
the discharge burnup will in turn reach its 
maximum possible value (the cycle length is 
not supposed to be modified). 

 
III.C. Economical results 

 
A discharge burnup as high as possible remains the 

most economical, thanks to the reduced number of 
assemblies to be reprocessed. The technical limit reached 
in 18 month cycles leads to a loss in energy production. 

Anyway, these results can be affected by the following 
aspects that could induce additional costs : 

 The reprocessing flow rate could be limited 
by higher fission gas content at higher burnup 

 The MOX manufacture flow rate could be 
limited by high residual heats. 

The following graphs show the results assuming 
reprocessing and MOX fabrication costs increase in 
proportion to the exceeding quantity of resp. burnup and 
residual heat above given limits. Anyway the actual limits 
and proportion ratio are not known, and these graphs only 
aim to show that an optimum burnup may appear. 

 
IV. CONCLUSIONS 

 
IV.A. Reprocessing and recycling processes 

 
The present industrial processes technical limits do not 

hinder reprocessing and recycling of highly burned 
assemblies (at least in the assumed limit of roughly 65 
GWd/t - assembly average). But taking into account the 
present limitations in terms of initial enrichment, 
enrichment technology, fuel fabrication and fresh fuel 
transportation,   the additional costs may limit or even 
over-compensate the benefits resulting from higher 
discharge burnups. These costs must be known to conclude 
on the economy of high burnup in a closed cycle policy. 

 
IV.B. In-core fuel management 

 
In 18-month cycle, the present 5% enrichment limit is 

a strong constraint for “auto-recycling”: even with the 
shortest reprocessing delays as possible, it restricts the 
achievable batch average discharge burnup to about 56 
GWd/t. 

The economy of high burnup should be analysed in a 
multi nuclear unit fuel management, with as well 12-month 
as 18-month cycle in core fuel management. 

Otherwise, in a single unit “auto-recycling” policy, 
recycling of highly burned material should wait for laser 
enrichment industrial maturity. 
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There is a wide range of very useful radioisotopes for power applications as well fro industrial and medical
applications as 238Pu, 233U, 99Mo, etc. The production of these important radioisotopes requires difficult chemical
procedures applied on used fuel exhibiting increased radio-chemical hazard. The recent observations of the nano-
cluster properties made possible the development of new concepts of enhanced rare isotopes production and separation
by using a combination of nuclear reaction kinematics in the special nano-cluster environment. The new dedicated
super-grade rare isotope production fuel may be developed in dedicated irradiation channel in the nuclear reactor. The
fuel is based on a nano-cluster structure that is washed by extraction liquids, flowing very smoothly in the structure and
draining out of the hot zone the newly produced isotopes. An enhanced defects and impurities diffusion mechanism
present in nano-cluster acts together with the nano-cluster-liquid interface selectivity process making the new
transmutation isotope being transferred in the drain liquid shortly after its generation. The internal nano-cluster magic
number permutation mechanism makes that the transmutation generated defect to be repaired, and recoiled bulk
material to be kept inside the nano-cluster body. The special enriched nano-bead powder, with dimensions near to
most stable nano-clusters is packed and stabilized inside the special cladding tubes linked together in a variable speed
circulation system that makes online extraction of the transmutation products. The drain liquid recirculation system
passes through a separation unit outside the hot zone that makes possible online extraction of the transmutation
isotopes with minimal collateral contamination. In the case of 238Pu production starting from enriched 236U via
237Np a moderately contamination with fission products seems unavoidable, but not so hard to mitigate, having good
separation properties. The operation of this online separation systems in radioactive environments are increasing the
technologic requirements for avoiding any linkage and modular sealed design seams to become the most preferred
candidate. The advantage of this system is that it delivers super grade quality of the transmutation product with the
price of isotopic enriched sealed device. In spite of all unavoidable technologic complications the method is
competitive with the actual radioisotope production technologies, in some cases having a slight economic advantage. 
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Materials discovery involves exploring and identifying existing (natural) materials with desirable properties and
functionality. Materials design aims at creating new (artificial) materials with predefined properties and functionality.
Nuclear fuels are often developed using both methods, with a certain advantage given to discovery. To facilitate the
discovery and design of innovative nuclear fuels, multi-scale models and simulations are used to predict irradiation
effects on the thermal conductivity, oxygen diffusivity, and thermal expansion of oxide fuels. The scientific method
used in this approach covers a large spectrum of time and space scales, from electronic structure to atomistic levels,
through meso-scale and all the way to continuum phenomena. The multi-scale approach is illustrated using results on
UO2/PuO2 fuels with a focus on predictions of point defect concentrations, stoichiometry, and phase stability. The
high performance computer simulations include coupled heat transport, diffusion, and thermal expansion, gas bubble
formation and temperature evolution in a fuel element consisting of UO2 fuel and metallic cladding. Uncertainty
evaluation reveals that ignoring the composition dependence of fuel properties in the simulations can lead to large
errors (>100k) in the calculations of the centerline temperature.

The second part of the talk is dedicated to a discussion of an international strategy for developing advanced, innovative
nuclear fuels. It starts with a brief review of the international status of nuclear fuels research, including results from
American, European, and Japanese national laboratories and universities. In an effort to improve collaborative work,
the status of thermo-chemical databases is used as an example of outstanding opportunities and exciting scientific
programs that require better synchronization to advance the research and to avoid excessive redundancy. The
presentation ends with a discussion of existing and emerging international collaborations such as the Materials Models
and Simulations for Nuclear Fuels workshop and the OECD/NEA Working Party on Multi-Scale Modelling of Fuels
and Structural Materials for Nuclear Systems. The goal of model development and computer simulations is discussed,
emphasizing the potential impact on developing future, innovative reactor and fuel designs. In this context, the
integration of experiment, theory, and computation is proposed as an approach with high potential for generating and
nurturing international collaborations. 
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Abstract 
 
A dual-cooled fuel rod has an internal coolant flow passage in addition to the external one. A remarkable 

power uprate can be achieved due to the increased surface area, which may draw great interests from the 

fuel researchers, designers and vendors. However, it requires effective resolution to the difficult technical 

issues when a fuel assembly is to be realized. It becomes much more difficult if a tough boundary 

condition needs to be satisfied such as a compatibility with the existing reactor internal structures. This 

kind of challenge is tackled through a national R&D project in Korea: to develop the structural 

components of a dual-cooled fuel that should be compatible with the current OPR 1000 (Korea Standard 

Nuclear Power Plant) internal structures. Fuel rod supporting structures, top and bottom end pieces and 

guide tubes are the components. Besides, the fuel rod components have to be developed as well since the 

fuel rod’s geometry becomes much different from the conventional rod’s one. The dimension change may 

well affect the above mentioned structural components. As a part of the work, structural integrity of the 

components of a dual-cooled fuel rod is studied in this paper. The investigated topics are: i) the thickness 

determination of a cladding tube (especially outer tube of a large diameter), ii) vibration issue of an inner 

cladding tube, iii) design concern of plenum spring and spacer. The cladding thickness issue arises due to 

the increased outside diameter of a fuel rod, which is caused by an internal flow passage formation. 

Among the criteria for the thickness determination, an elastic buckling criteria was focused on. 

Theoretical background for the well-known formula (such as a stability problem) was revisited. 

Verification tests were carried out independently with using a cladding tube of PHWR fuel rod. Results 

showed that the formula was not conservative to apply for the cladding thickness determination. 

Minimum thickness for the dual-cooled fuel claddings is to be suggested. On the other hand, an inner 

cladding cannot be supported. So it can be suffered from a flow-induced vibration (FIV) more severely 

than the outer cladding that is supported by a conventional grid structure. It may cause a fatigue failure at 

the cladding tube to end plug welding joints. To investigate the actual vibration phenomenon, FIV tests 

are being carried out. Some candidates for the resolution to these issues will be suggested in this paper. 

Those will mostly be related with the design change of the above mentioned structural components. A 

plenum spring inside the fuel rod needs to be changed in design due to the mass change of the annular 

fuel pellets. It influences the size of a plenum spacer which is usually made of Alumina. A new concept 

of the spacer will be introduced to adjust the plenum volume and to accommodate the released fission gas. 
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Research reactors have enjoyed utilization of hydride nuclear fuels for many decades now, where the 
presence of hydrogen in the fuel provides additional moderation to that of traditionally achieved through 
the coolant. Aside from enhanced thermalization of neutrons, thermally induced hydrogen up-scattering 
of the neutrons accompanies Doppler feedback, which has long been employed in pulsing TRIGA 
reactors [1]. Aside from the advantages that were briefly discussed from the neutronics perspective, the 
fuel offers much better thermal conductivity than that of oxide fuels, similar to that is offered by metallic 
fuels [2]. Excellent fission gas retention properties could be achieved through utilization of this type of 
fuel, where up to temperatures around 600 °C all the release is solely due to recoil and therefore very 
minimal [3]. The one disadvantage of hydride fuels compared to the oxide class is the higher initial 
swelling rates [3].  
Taking into account the merits pointed out earlier, hydride fuels are promising candidates for use in Light 
Water Reactors (LWRs). However initial large swelling rates could cause undesired pellet clad interaction 
(PCI). On the other hand Zircaloy cladding that is conventionally used in LWRs is a getter of hydrogen, 
and could be severely damaged through transfer of hydrogen from the fuel to the cladding. In order to 
overcome this shortcoming, larger fuel-cladding gap dimensions are proposed in order to avoid contact 
between the two. The gap is filled with a liquid metal that is a ternary alloy of lead, bismuth, and a tin 
where equal mass of each component is mixed. Application of this approach has been shown for oxide 
fuels [4] where a defect free and uniform liquid metal filled gap is demonstrated. Larger gap inhibits any 
undesired PCI, and since the liquid metal’s thermal conductivity is about two orders of magnitude higher 
than that of helium gas, conventionally used as the gap filler, better thermal properties are expected.  

The other challenge is to retard the transfer of hydrogen from the fuel to the cladding. The transfer of 
hydrogen from the fuel to the cladding from a thermodynamic standpoint is inevitable, since ultimately 
the system evolves towards the equilibrium until the activity of hydrogen in the fuel, liquid metal gap and 
Zircaloy cladding is the same. It is hypothesized that since the solubility of hydrogen in the liquid metal 
alloy is very limited (hydrogen does not form any compounds with any of the constituents of the liquid 
metal alloy), the kinetics of hydrogen transfer from the fuel to the cladding will be limited. The goal of 
this paper is to investigate the effectiveness of the liquid metal gap as a kinetic barrier to hydrogen 
transfer. An experiment will be set up where hydride fuel (or zirconium hydride that is the dominant 
component of hydride fuel) is put in contact with the zirconium, submerged in a liquid metal (Sn-
33wt%Pb-33wt%Bi) environment, at different contact pressures and system temperatures. The extent of 
hydriding (if any) of the zirconium sheet will be characterized at different times in order to draw 
conclusions with regards to efficacy of liquid metal gap environment to retard kinetics of hydrogen 
transport. If the extent of hydriding in the cladding is found to be severe, applicability of another 
approach consisting of growth of an oxide layer on the other surface of the hydride fuel will be 
investigated. The oxide layer will be a few microns in thickness and will be grown in an oxygen 
environment at elevated temperatures (around 400 °C). Ultimately based on the outcome of the proposed 



set of experiments, recommendations will be made with regards to design criteria for hydride fuel rod 
assemblies intended for use in LWRs.          
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