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Monday, March 3, 1997
08:30-10:15  Introductions and Keynote Presentations

Co-General Chairs, Jerry L. Ethridge (Pacific Northwest National
Laboratory-USA) and Dave L. Larkin (Washington Public Power Supply
System-USA)

Honorary Chair, David G. McAlees (Siemens Power Corporation-USA)

Technical Program Chair, Mitchel E. Cunningham (Pacific Northwest
National Laboratory-USA)

Meeting the Challenge of Managing Nuclear Fuel in a Competitive Environment
Rosa L. Yang (EPRI)

Utility Perspective on C cial Light-Water Reactor Fuel in Japan
Sadaaki Sasaki (TEPCO-Japan)

EDF Current Perspective on Commercial PWR Fuel

J.L. Provost (EdF-France)

10:15-10:45  Break

10:45-12:00

Co-chairs: Richard Miller (Westinghouse-USA), Professor Tadatsune
Okubo (Sophia University-Japan)

Westinghouse Fuel Performance in Today’s Aggressive Plant Operating

Environment

H. W. Wilson, H. F. Menke, H. Kunishi, R. S. Miller, L. R. Scherpereel
" (Westinghouse-USA)

F and FCF Recent Operating Experience and Advanced Features to
Increase Performance and Reliability

Gilles Ravier, Georges Masuy (Framatome- France), J. T. Wilise (FCF-
France)

LWR Fuel Performance and Material Develop
Burnup in Russia

M. Solonin, Y.K. Bibilashvili, A.V. Medvedev, V.V. Novikov, O.A.
Nikishov, A.V. Nikulina, N.B. Sokolov, EF. Sokolov (A.A. Bochvar
Research Insititute of Inorganic Materials-Russia), G.L. Lunin, V.N.
Proselkov (Kurchatov Institute-Russia), A.K. Panjushkin
(Mashinostroitelniy Zavod-Russia), O.B. Samoylov (OKBM-Russa), V.N.
Golovanov, V.A. Ovchinikov, A.V. Smirnov, V.K. Shamardin (Research
Institute of Atomic Reactores-Russia)

Fuel Performance |

t Activities for Extended

13:30-17:00  Mixed Oxide Fuels

Co-Chairs: Michio Ichik (JAERI-Japan), Xavier Thibault (EDF-
France)

Recent Results from the In Reactor MOX Fuel Performance in France and
Improvement Program

Patrick Blanpain (Framatome Nucl Fuel-France), Xavier Thibault (EdF
Villeurbanne-France), Jean-Paul Pages (CEA/DRN/P-France)

High Burnup MOX Fuel and Fuel Rod Design Improvement
S. Doi (MHI Kobe-Japan), K. Yamate (Kansai Electric-Japan)

Behavior of MOX Fuel Irradiated in a Thermal Reactor
Takeshi Mitsugi, Naoya Kushida (PNC, Oarai-Japan), Keiichi Kikuchi
«(PNC-Japan)

15:00-15:30  Break

Analytical Studies of the Behaviour of MOX Fuel

Laurent Caillot, Gerard Delette, Jean Paul Piron, Clemerit Lemaignan
(CEA, Grenoble-France), Alain Chotard (Framatome N'1cl Fuel-France),
Jean Philippe Berton (EF Villeurbanne-France)

Power Ramp Tests of MOX Fuel Rods for ATR (IFA-591)
Soichiro Yano, Norihiko Onuki, Shusaku Kohno, Katsuichiro Kamimura
(PNC-Japan)

17:30-19:30  Poster Session 1

Co-chairs: Barclay Andrews (Framatome Cogema Fuels-USA), Tony
Turnbull (UK)

Application of a Semi-Empirical Rod Drop Model for Studying Rod Insertion
Anomalies at South Texas Project and Ringhals Unit 4
Lars Bjornkvist (Vattenfall-Sweden), Ernie Kee (HL&P, USA)

Lessons Learned from Control Rods Irradiation Experience, Development of
Advanced Absorbers and Their Refractory Properties Under Accident
Conditions

Vladimir M. Chernyshov (Moscow Polimetal Plant-Russia), Vladimir M.
Troyanov (IPPE-Russia) ‘

The Summary of WWER-1000 Fuel Utilization in Ukraine
Anatoliy Afanasyev (USCNPU-Ukraine)

Fission Gas Release in ABB SVEA 10x10 BWR Fuel
David Schrire, Ingvar Mat: Bjorn Grap
Sweden)

Advanced BWR Channels
Adolfo Reparaz, Dave Barkhurst (Siemens), Stefan Linden, Hans
Lippert (Siemens/ KWU-B-Germany)

Development of High Burn-Up MOX Fuel for ATR
Shinichi Uematsu, Ichiro Kurita, Norihiko Onuki (PNC-Japan), Kuusu
Kodaka, Kohji Terunuma (PNC, Oarai-Japan)

High Burnup Modelling of UO, and MOX Fuel with METEOR/
TRANSURANUS Version 1.5

C. Struzik, M. Moyne (CEA/CEN Cadarache-France), J. P. Piron «¢ | \
Grenoble-France)

Iodine Spiking Model for Pressurized Water Reactors
B. J. Lewis, F. C. Iglesias (RMC-Canada), A. K. Postma (Benton City
Technol-USA), D. A. Steininger (EPRI-USA)

Vaporization of Low-Volatile Fission Products in Severe Light Water ¥ *
Accidents

B. J. Lewis, W. T. Thompson, M. H. Kaye, B. J. Corse (RMC-Canadta -
C. Iglesias (Ontario Hydro-Canada), B. André, G. Ducros, M. louta-.
(CEA/CEN Grenoble- France), D. Maro (CEA-France)

Investigation of the Roles of Corrosion and Hydriding of Barrier Cluii.e
Fuel Pellet Oxidation in BWR Fuel Degradation

D. R. Olander, Wei-E. Wang, Yeon soo Kim, C. Y. Li, S. Lim (L nsv -
California, Berkeley-USA), Suresh K. Yagnik (EPRI-USA)

Analysis of Primary Coolant Activity with Leaking Fuels in the Fre--..:
Water Reactor
Chan Bock Lee, Ig Sung Lim (KAERI-Korea)

Applications of Simple Rules of Fuel Failure in a Computer Mode! Simu.or. +
for Nuclear Fuel Behaviour and Performance

Armando Carlos Marino (CNEA, Bariloche-Argentina), Eduardu J.
Savino (CNEA-Argentina)

Fuel Performance at Nuclear Power Plant Bohunice
Ivan Smiefko (SPUCO-Slovak Republic)

The Use of Three Cesium Isotopes for the Batch Identification of a Single Fuel
Failure in a Pressurized Water Reactor
C. W. Sayles, R. Y. Chang (SCE-USA)

Failed Annular UO, Fuel in PWR Conditions: The EDITH 03 Experiment
Daniel Parrat (CEA, Grenoble-France), Yves Musante (Framatome Nucl
Fuel-France), Alain Harrer (EdF Villeurbanne-France)

The Beh. and Manag t of Failed LWR Fuel Rods
Michael Kennard, Dion Sunderland, John Harbottle (Stoller,
Pleasantville-USA)

(ABB Atom-

1997 International prical Meeting on LWR Fuel Performance
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High Pressure Steam Corrosion and Hydriding of Zircaloy-4

Yong-s0o Kim (Hanyang Univ-Korea), Duck-kee Min (KAERI-Korea),
Sun-ki Kim (Hanyang Univ-Korea), Seung-gy Ro (KAERI-Korea),
Young-kil Ok (Hanyang Univ-Korea), Moon-ghu Park (KEPRI- Korea)

Irradigtion Behavior of Zr Allays for Ultra High Burnup Fuel

Yoshinori Etoh, Sachio Shimada (Nippon NFD-Japan), Ronald B.
Adamson (GE, Pleasanton-USA), Takayoshi Yasuda (Hitachi-Japan),
Toshiaki Kogai (Toshiba-Japan), Yoshiaki Ishii (TEPCO- Japan)

Modelling of the Mechanical Behaviour of Zircaloy-4 Cladding Tubes from
Unirradiated State to High Burn-Up

1. Schaffler-Le Pichon, Ph. Geyer (EdF/DER/MTC-France), P. Delobelle
(U.A. CNRS-France), P. Bouffioux (EdF/ DER/EMA-France)

Anisotropy Viscoplastic Behavior of Zircaloy 4 Cladding Tubes Under
Simulated Load Follow Conditions i

Pol Bouffioux (Edf/ DER/EMA-France), Philippe Geyer (EdF/DER-
France)

Effects of Water Radiolysis on Zircaloy Carrosion
Yoshitaka Nishino (Hitachi, PIS-Japan), Takayoshi Yasuda (Hitachi
Works-Japan), Eishi Ibe, Masao Endo (Hitachi, PIS-Japan)

Development of Ultra-High Burnup Fuel for BWR
A. Fukazawa, Y. Shirai, H. Harada (TEPCO-Japan), T. Furuya, N.
Itagaki, Y. Yuasa, Y. Mozumi (NFI-Japan)

Corrosion Behavior of Zircaloy 4 Cladding Material: Evaluation of the
Hydriding Effect

Martine Blat (EdF/DER-France), Josseline Bourgoin (EdF/GDL/SCMI-
France)

Tuesday, March 4, 1997

08:00-12:00  Fuel Performance Il
Co-chairs: Rosa Yang (EPRI), Enrico Sartori (OECD/NEA)

Recent GE BWR Fuel Experience
G. A. Potts (GE, Wilmington)

Siemens Fuel Performance Overview
Keith N. Woods (Siemens-USA), Wolfgang Klinger (Siemens/KWU
BTE-Germany)

Improved BWR and PWR Fuel Designs and Operating Experience at ABB
L. V. Corsetti, Z. E. Karoutas, H. R. Freeburn (ABB CE-USA), L.
Hallstadius, S. Helmersson (ABB Atom-Sweden)

BWR Fuel Performance and Recent R&D Aclivities in Japan

Keize Ogata (Nippon NFD-Japan), Akio Fukazawa (TEPCO-Japan),
Kenichi Ito (Hitachi-Japan), Takao Koyama (Nippon NFD-Japan),
Kazuhiro Takei (TEPCO-Japan), Toshio Matsumoto (Toshiba RD&E-
Japan)

10:00-10:30  Break

Irradiation Characteristics of BWR Step II Lead Use Assemblies

H. Hayashi, M. Kitamura (NPEC-Japan), K. Ito, T. Kubo (Hitachi-Japan),
T. Nomata, T. Kogai (Toshiba-Japan), Y. Wakashima, H. Sakurai (Nippon
NFD-Japan)

Design and Performance of Mitsubishi PWR Fuel for Increased Reliability
-S. Abeta, R. Fukuda, K. Kita (MHI-Japan)

Burnup Extension of Japanese PWR Fuels
K. Yamate (Kansai Electric-Japan), A. Oe, M. Hayashi, T. Okamoho (NFI-
Japan), H. Anada, S. Hagi (Sumitomo-Japan)

13:30-17:00  Post Defect Fuel Behavior
Co-chairs: Larry Noble (GE-USA), Vladimir Onoufriev (IAEA)

Assessment of BWR Fuel Degradation by Post-Irradiation Examinations and
Modeling in the Defect Code

S. K. Yagnik, O. Ozez, B. C. Cheng, R. L. Yang (EPRI-USA), R. O.
Montgomery, Y. R. Rashid (Anatech-USA), J. H. Davies, E. V. Hoshi, R.
B. Adamson (GE, Pleasanton-USA)

Fe-Enhanced Zr Liner Cladding
A. Seibold, R. Manzel (Siemens/ KWU-Germany), K. N. Woods
(Siemens-USA), N. Itagaki (NFI-Japan)

Studies of the Secondary Hydriding Process in Fresh Test Fuel with Simulated
Primary Defects

Christian Graslund, Gurnar Lysell (Studsvik-Sweden), Keizo Ogata
(Nippon NFD-Japan), Toru Takeda (NFI-Japan)

Post-Irradiation Examination of Failed KKK - Barrier Fuel Rods

A. Hattmann, M. Ketteler, J. Skusa (HEW-Germany), H. Heckermann
(RWE Energie-Germany), G. Rudholzer (Bayernwerk-Germany), R.
Manzel (Siemens/KWU-Germany)

15:00-15:30  Break
Recent ABB BWR Failure Experience
Lembit Sihver, Lars Hallstadius, Gunnar Wikmark (ABB Atom-Sweden)

SADDAM: An On Line Computer Code to Assess in Operation Defective Fuel
Characteristics and Primary Circuit Contamination

C. Leuthrot, J. B. Genin (CEA/DRN/SECA-France), P. Ridoux, A.
Harrer (EdF Villeurbanne-France)

An Evaluation of the Potential for PCI in BWR Barrier Fuel Failures
Dion J. Sunderland, Michael W. Kennard, John E. Harbottle (Stoller,
Pleasantville-USA)

Wednesday, March 5, 1997

08:00-12:00  Cladding Performance

Co-chairs: Keich Woods (SPC-USA), Roland Traccucd (Framatome
Nuel Fuel-Frano

Fuel Performance and Water Chemistry Variables in LWRS

B. C. Cheng (EPRYI), }. M. Brown (Union Electric, St Louis-USA), K. G.
Turnage (Southern Nucdlear-USA), E. A. Armstrong (ComEd, Downers
Grove-USA), M. Hudson (NUSCO, Waterford-USA)

Distinctive Crud Pattern and Failed Fuel Pins

David Mitchell (FCP)

In-Reactor Fuel Cladding Corrosion Performance at Higher Burnups and
Higher Coolant Temperatures

G. P.Sabal, R. J. Comstock, G. Schoenberger, H. Kunishi, D. L. Nuhfer
(Westinghouse-USA)

Update on the Development of Ad d Zirc Alloys for PWR Fuel Rod

Claddings

Jean Paul Mardon (Framatome Nucl Fuel-France), Garry Gamer (FCF-
France), Pierre Beslu (CEA Cadarache-F ), Daniel Ch t (Cezus-
France), Jean Senevat (Zircotube-France)

9:45-10:15 Break

1997 International Topical Meeting on LWR Fuel Performance
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Performance of Standard and Advanced Fuel Rod Cladding for High Burnup
Applications in PWRs .

S. R Pati (ABB CE-USA), P. Jourdain (ABB Atom-Sweden), G. P. Smith,
A. M. Garde (ABB CE-USA), L. Hallstadius (ABB Atom-Sweden)
Behavior of Zircaloy-4 and Zirconium Liner Zircaloy~4 Cladding at High

Bui

L. F. Van Swam (Siemens-USA), A. A. Strasser (Aquarius Svc-USA), J. D.
Cook (RG&E-USA), J. M. Burger (ESEERCO-USA)

Irradiation Test on High Performance Fuel ) .
H. Ikehata (Nud Development-Japan), K. Yamate (Kansai Electric-

A New Integral Fuel Burnable Absorber Design for LWR’s

Oner Galak Univ-Turkey), H. Hasan

(Cumhwriyet Univ-Turkey), Gurigor Giindiiz (OrtaDogu Teknik Univ-
Turkey)

Thermal Conductiviiy Measurements of High Burnup UQ, Pelletond a
Benchmark Calculation ;f Fuel Center Temperature

Koichi Ohira, Noboru Itugaki (NFI-Japan)

Ad d Fuel Develop for Burnup Extension
T. Takahashi (MHI Kobe-Japan), K. Yamate (Kansai Electric-Japan)
Impr t of FRAPCON-2 Code Based on FUMEX Exercises

Japan), S. Abeta (MHI Yokohama-Japan), T. Okubo (Sophia Univ-J pan),
T. Takahashi (MHI Kobe-Japan), H. Uchida, I. Komine, Y. Inoue
(NPECO-Japan)

Effects of SPP Dissolution on Mechanical Properties of Zircaloy-2
S. T. Mahmood, K. W. Edsinger, D. M. Farkas, R. B. Adamson (GE,
Pleasanton-USA)

13:30-17:00

Co-chairs: Satya Pati (ABB CE-USA), Motoyasu Kinoshita (CRIEPI-
Japan)
BWR and PWR Fuel Performance at High Burnup

L. E. Van Swam, G. M. Bain, W. C. Dey (Siemens), D. D. Davis (CP&L-
USA), H. Heckermann (RWE Energie-Germany)

Fission Gas Release and Pellet Structure at Extended Burnup
R. Manzel (Siemens/ KWU-Germany), M. Coquerelle (CEC-Germany)

High Burnup BWR Fuel Pellet Performance

S. Vaidyanathan, R. D. Reager, R. W. Warner, C. Martinez (GE,
Pleasanton-USA), Y. Shirai (TEPCO-Japan), Y. Iwano (Nippon NFD-
Japan)

Effect of Irradiation-Induced Microstructural Evolution on High Burnup Fuel
Behavior

K. Une, K. Nogita, S. Kashibe, T. Toyonaga, M. Amaya (Nippon NFD-
Japan)

High Bumup Fuel Performance

15:00-15:30  Break

Performance of Improved UO, Pellets at High Burnup

M. Hirai, T. Hosokawa, R. Yuda, K. Une, S. Kashibe, K. Nogita (Nippon
NFD-Japar), Y. Shirai, H. Harada (TEPCO-Japan), T. Kogai (Toshiba-
Japan), T. Kubo (Hitachi-Japan), J. H. Davies (GE-Pleasanton-USA)

Thermal Diffusivity Measurement of High Burnup UO, Pellet
Jinichi Nakamura, Tsuneo Kodaira, Masaaki Uchida, Tak
Hiroshi Uetsuka, Akira Kikuchi JAERI-Japan)

A t of UO, Conductivily Degradation Based on In-Pile Temperature Data
W. Wisenack (OECD-Norway)

hi Yamahara,

17:30-19:30
Co-chairs: Carl Beyer (PNNL-USA), Eric Kolstad (HRP-Norway)

The Compilation of a Public Domain Database on Nuclear Fuel Performance
for the Purpose of Code Development and Validation

P. M. Chantoin (IAEA-Austria), E. Sartori (OECD-France), J. A. Turnbull
-(Independent Consultant)

Thermodynamics of the High Burnup UO, Structure Formation and Fission
Gas Release
Serguei E. Lemehov (Kurchatov Inst-Russia)

High Burnup Rim Project: Progress of Irradiation and Preliminary Analysis
M. Kinoshita, 5. Kitajima, T. Kameyama, T. Matsumura (CRIEPI-Japan),
E. Kolstad (OECD-Norway), Hj. Matzke (CEC-Germany)

Poster Session 2

Zhang Yingcaho, Zhang Shishun, Sun Songging, Chen Peng (CIAE-
China)

The IAEA CRP FUMEX Influence on the Fuel Rod Performance Modeling
Quality in the Czech Republic
Radek Svoboda (NRI-Czech Republic)

Change of Thermodynamic Properties of UO, Fuel Doped with Magnesium
and Other Metals

Takeo Fujino, Nobuaki Sato (Tohoku Univ-Japan), Kousaku Fukuda
(JAERI-Japan) *

SIERRA: A Fuel Performance Code to Predict the Mechanical Behavior of Fuel
Rods up to High Burnup

M.R. Billaux, S.H. Shann, L.V. Van Swam (Siemens), F. Sontheimer
(Siemens/ KWU-Germany) -

Experimental Study of Fission Gas Release at the Dodewaard BWR by
Comparison of Krypton-85 and Puncturing Measurements with ESCORE
Results

J.A.A. Wouters, Wim |.M. Siegers (KEMA-Netherlands), Wim R. van
Engen (IN.V. GKN-Netherlands)

Using Radially Inhomogeneously Enriched UO, Fuel to Reduce the Rim Effect
K. Bakker, H. Hein, R.].M. Konings (ECN-Netherlands)

Fuel Performance Analysis by Code “FAIR” and Development of Neural
Network for Fuel Pin Analysis
P. Swami Prasad, B.K. Dutta, H.S. Kushwaha

" An Assessment of Recent High Burnup Modifications to NRC Fuel Perfor-

mance Code FRAPCON-3
Donald D. Lanning, Carl E. Beyer (PNNL-USA), Gary A. Berna, Kurt
Davis (INEL-USA)

Capabilties and Validation of the ASFAD Performance Code for WWER-0
High Burnup Fuel Rods
Serguei E. Lemehov (Kurchatov Inst-Russia)

The Prediction Method of Fuel Cladding-Coolant Heat Transfer During u
R

pivriber Toritinterd Anmidosb
£

T.N. Dinh (RIT-Sweden)
Analysis of Fuel Behavior During Rod Ejection Accident in Korea Standard
PWR

Chan Bock Lee, Chung Chan Lee, Oh Hwan Kim, Jin Gon Chung,
Chong Chul Lee (KAERI-Korea)

On the Influence of an Embrittled Rim on the Ductility of Zircaloy Cladding
Todd M. Link, Donald A. Koss, Arthur T. Motta (Penn State-USA)

Examination of the Spent VVER Fuel Behavior Under Accident Conditions
Using Electrically Heated Installations
V. Smirmov, et al

Analyzing the Rod Drop Accident in a BWR with High Burnup Fuel
David J. Diamond, Lev Neymotin (BNL-USA)

Post-Test Examinations of High Burnup PWR Fuels Submitted to RIA
Transients in CABRI Facility
Didier Lespaiux, Jean Noirot, Patrick Menut (CEA Cadarache-France)

The SCANAIR Code for the Description of PWR Fuel Rod Behavior Under
RIA: Validation on Experiments and Extrapolation to Reactor Conditions
J. Papin, H. Rigat, F. Lamare, B. Cazalis (CEA Cadarache-France)

1997 International Topical Meeting on LWR Fuel Performance
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Cladding Metallurgy and Fracture Behavior During Reactivity-Initiated
Accidents at High Burnup
HM. Chung and T.F. Kasaner

Thursday, March 6, 1997

08:00-12:30  Reactivity Initiated Accidents
Co~chairs: Ralph Meyer (NRC-USA), Franz Schmitz (IPSN)

NSRR/RIA Experiments with High Burnup PWR Fuels

Toyoshi Fuketa, JAERI-Japan), Yukihide Mori (MHI Kabe-Japan),
Hideo Sasajima, Takehiko Nakamura JAERI-Japan), Yoshihiro
Tsuchiuchi (NFI-Japan), Kiyomi Ishijima JAERI-Japan)

Hydride Morphology and Hydrogen Embrittlement of Zircaloy Fuel Cladding
Used in NSRR/HBO Experiment
Fumihisa Nagase, Hiroshi Uetsuka (JAERI-Japan)

The Main Outcomes from the Interpretation of the CABRI REP-Na Experi-
ments for RIA Study
J:M. Frizonnet, J.P. Breton, H. Rigat, J. Papin (IPNS-France)

RIA Related Analytical Studies and Separate Effect Tests
F. Lemoine, M. Balourdet (IPNS-France)

10:00-10:30  Break

Investigation of the Behavior of VVER Fuel Under RIA Conditions
Vladimir Asmolov, Larissa Yegorova (Kurchatov Inst-Russia)

Review and Analysis of RIA-Simulation Experiments on Intermediate and
High Burnup Test Rods

R.O. Montgomery, Y.R. Rashid (ANATECH-USA), O. Ozer, R.L. Yang
(EPRI-USA)

Fuel Failure Risk Assessment Under Rod Ejection Accident in PWRs Using
the RIA Simulation Tests Datab The French Utility Position
S. Stelletta, N. Waeckel (EAF/SEPTEN Villeurbanne-France)

A Regulatory Assessment of Test Data for Reactivity Accidents
Ralph O. Meyer (NRC-USA), Richard K. McCardell (INEL-USA),
Harold H. Scott (NRC-USA)

1997 international Topical Meeting on LWR Fuel Performance
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1997 INTERNATIONAL TOPICAL MEETING
ON LIGHT WATER REACTOR FUEL PERFORMANCE
March 2-6, 1997

Registration Information

Name Company
Adamson, Ronald B. GE Nuclear
Afanasyev, Anatoliy State Committee on NPU
Agapitov, Viadimir PU Chepetsley Mech Plant
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ABSTRACT

As part of the first stage of high bumup
uranium-plutonium mixed oxide (MOX) fuel
development, series of irradiation tests were conducted on
the 36-rod fuel assemblies. Four assemblies were
irradiated up to an assembly burnup of 33.1 GWd/t in
two thermal reactors. The results of post-irradiation
examinations (PIEs) were amalyzed to investigate
irradiation behavior of MOX fuel.

The investigation showed that there was no
distinguishable difference in irradiation behavior between
MOX and UO, fuel except for helium gas release and
plutonium heterogeneity observed in a MOX fel pellet.
It also verified the design consideration of the ATR
36-rod fuel assembly.

I. INTRODUCTION

More than 600 MOX fuel assemblies which
corresponds to more than 16,000 MOX fuel rods were
fabricated and irradiated by Power Reactor and Nuclear
Fuel Development Corporation (PNC), since the
operation start of the 165 MWe prototype advanced
thermal reactor (ATR) Fugen. To date, there observed no
indication of fuel failure by pool-side inspection or PIE,
which indicates excellent reliability of PNC MOX fuel in
a thermal reactor.

Recently, our efforts for research and development
have been focused on mainly improving fuel cycle cost.
Two stages of MOX fuel development aiming burnup
extension have been set up for this purpose.

' The 36-rod fuel assembly with a design burnup of 38
GWd/t which consists of 36 fuel rods compared to 28 fuel
rods in original design of the Fugen driver fuel assembly,
was developed for the first stage. To verify design
procedure of the 36-rod fitel assembly and to accumulate

Keiichi Kikuchi

PNC, Tokai Works

Technology Development Co-ordination
Division, Nuclear Fuel Design Section
4-33 Muramatsu

Tokai, Ibaraki, Japan

irradiation experience of high bumup MOX fuel, series of
irradiation tests were performed; irradiation test of three
fuel assemblies designated as E03, E04, and E05 in the
Fugen core, and that of one fuel assembly designated as
Type-E in the Steam Generating Heavy Water Reactor
(SGHWR) of Atomic Energy Authority (AEA) U. K..
The results of irradiation tests and verification of design
procedure for the Type-E fuel assembly was reported’
already.

For the second stage of MOX fuel burnup extension,
a 54-rod fuel assembly with a design burnup of 55 GWd/t
is under development. Current status of high burnup
MOX fuel development in PNC will be presented
elsewhere in this meeting®.

In this paper, the results of irradiation tests of E04
and EO5 fuel assemblies are presented, focussing on
irradiation behavior of a PNC MOX fuel at high burnup.

II. IRRADIATION TEST
A. Test Assemblies

The schematic drawing of the 36-rod fuel assembly
is shown in Fig. 1. Its design specification is listed in
Table 1, compared with the Fugen MOX driver fuel
assembly. It has 36 fuel rods to be distributed in three
cylindrical rings (six rods in inner-ring, 12 in
intermediate-ring, and 18 in outer-ring). Six of 12 fuel
rods in intermediate-ring are tie-rods which interconnect
the upper and lower tie plates through the fuel bundle.
Fuel rods are positioned by 12 spacers made of Inconel
with axial locations fixed by one spacer supporting rod.

Basically, the design of the 36-rod fuel assembly
follows its predecessor Fugen driver fuel. One of apparent
differences is cladding outer diameter which is decreased
from 16.46 mm of the Fugen driver fuel to 14.5 mm to
accommodate 36 MOX fuel rods within a bundle with the
same diameter. Another difference is Pu content which is
increased to incorporate higher burnup. Note that
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specification for Pu content is higher in inner and
middle-ring fuel rods than that in outer-ring fuel rods to
balance linear heat rate among three rings. In addition,
the Pu content of ATR MOX fuels is slightly lower than
that of light water reactors (LWRs). This is because
capture of thermal neutrons by heavy water in case of the
ATR is significantly lower than that by light water in
case of LWRs. ‘

MOX fuel pellets loaded into E03, E04, and E05
fuel assemblies were fabricated from master blended MOX
powder prepared by the microwave heating (MH)
process’. In the MH process, the master blend is obtained
through direct co-conversion of U-Pu mixed nitrate
solution by microwave heating. Then, the master blend
is diluted and mixed with UO, powder by ball milling to
obtain specific Pu content. Due to direct co-conversion
and subsequent ball milling, MH pellets have excellent
homogeneity of Pu distribution.

The test assemblies were fabricated at the Plutonium
Fuel Fabrication Facility of Tokai works of PNC, where
the Fugen driver fuel is also fabricated.

B. Irradiation

The test assembly E03, E04, and E05 were loaded
into center core region of Fugen and irradiated side by
side. This implies that these three assemblies have
almost same linear heat rate history, except the fact that
E04 was irradiated for 1203 days and obtained an
assembly bumup of 25.1 GWd/t, while E03 and E05
were irradiated for 1697 days and reached to 33.1 GWadrt.
The history of rod average linear heat rate for E05 is
shown in Fig. 2. The linear heat rate reached maximum
of 30.2 kW/m at 120 day, then decreased gradually.
Relatively large increase of approximately 3 kW/m due to
change of control rod pattern was observed at 1320 day.

E04 and EO5 were selected to be examined from
three test assemblies irradiated at the Fugen, and their
PIE were performed at the Reactor Fuel Examination
Facility of Japan Atomic Energy Research Institute and at
hot cell facilities in Oarai Engineering Center of PNC.

I RESULTS AND DISCUSSION
A. Fission Gas Release Behavior

Measured fission gas release rate of the MOX fuel
rods from E04 and E0S are shown in Fig. 3 as a function
of rod average burnup, compared with those of UO, fuels
irradiated in a Japanese BWR®. The fission gas release
rate is also plotted in Fig. 4 as a function of the
experienced maximum linear heat rate after 10 GWadt.
Fission gas release rates of EO4 and E05 fuel rods increase

with burmup and linear heat rate, and are scattered
between almost 0 and less than 20 %. They are in good
agreement with the Fugen MOX driver fuel and also
within the data spread of the UO, fuels. It is apparent that
fission gas release behavior of the MOX fuel is quite
similar to that of UO, fuel.

It is well known that homogeneity of MOX fuel
affects its fission gas release rate at high burnup. Simple
mechanical blending may cause non-uniform Pu
distribution in the fuel matrix, consequently resulted in
high fission gas release. However, there observed no
distinguishable difference between PNC MOX fuel and
the UO, fuels in this work. Mishima et. al. investigated
fission gas release behavior of MOX pellets including
MH pellets and mechanically blended pellets, using
instrumented irradiation rigs up to a rod average burnup
of 28 GWd/tMOX". They reported that fission gas release
rate of MH pellets was lower than that of the
mechanically blended pellets. Also reported was that its
release behavior was similar to that of UO, fuels, and
there was no significant difference of fission gas release
rate between MOX and UO, fisels.

The pellets loaded into E04 and E05 were MH
pellets, and as described later, its excellent homogeneity
was confirmed by PIE. Therefore, it is considered that
these experimental results suggest that fission gas release
behavior of PNC MOX fuel is comparable to that of UO,
fuels in a burnup range up to 35 GWd/t.

B. Helium Release Behavior

In addition to Xe and Kr, significant amount of
helium was detected by puncture tests. In Fig. S, amount
of helium measured is plotted as a function of rod average
burnup, compared with those of UO, fuel irradiated in a
Japanese BWR®. Amount of helium released is apparently
larger in MOX rods than in a UQ, rods. It is reported that
primary sources of He generation in a UQ, fiel rod are
ternary fission and alpha decay of **Cm’. In MOX fuel,
*’Cm generation during irradiation is much faster than
UO, due to its high Pu content, which results in larger
generation of He. Fig. 6 depicts relationship between
amount of helium and fission gas (Xe and Kr) released.
The amount of helium released is almost proportional to
that of fission gas released. These are consistent with the
results reported earlier” °, and implies that release
behavior of helium is similar to that of fission gas with
respect to its dependence on burnup and linear heat rate.

From fuel design point of view, behavior of helium
release is important to estimate internal gas pressure of a
fuelrod. As shown in Fig.5, amount of helium released
increases with burnup. However, the comparison of

internal pressure between measured and calculated by
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ATFUEL code which was used in thermo-mechanical

calculation for the test fuel rods, confirmed that the
ATFUEL predicts internal pressure of the MOX fuel rod
conservatively up to a rod average burnup of 35 GWd/t.

For designing higher burnup MOX fuel rod, a new
evaluation code which is equipped with more mechanistic
model for prediction of rod internal pressure, was
developed in PNC2.

C. Pellet Microstructure

Fig. 7 shows typical microstructure ofa PNC MOX
fuel pellet of E04 irradiated up to a local burnup of 30.8
GWd/t. Grain growth and fission gas bubble precipitation
on grain boundary were observed at pellet center region
reflecting the fact that the fission gas release rate of this
fuel rod was 15.6 %.

Other microstructural characteristics of E04 fuel
assembly are occurrence of narrow porous band observed
in pellet peripheral region of an outer-ring fuel rod and
porous structure of Pu agglomerates.

Fig. 8 shows scanning electron micrograph of pellet
peripheral region, comparing with Xe and Nd profiles
measured by EPMA. A large number of pores are
accumulated in peripheral region. Thickness of this
porous band extended to approximately 50 micron from
the pellet surface. However, this band didn't cover all
over pellet peripheral region, but existed only
discontinuously. In this band, Nd intensity by EPMA
increases steeply toward pellet surface, indicating burnup
onset due to rim effect. On the other hand, Xe intensity
doesn't follow the Nd intensity profile, rather decreases
slightly. Recently, microstructure change with these
characteristics are observed in pellet peripheral region of
high burnup UO, fuel. Many authors reported that the
microstructure change started at an average
cross-sectioned burnup of around 40 GWd/t or at a local
bumnup of 70 to 80 GWd/t. The average burnup of the
fuel pellet shown in Fig. 8 is 28.4 GWd/t. This burnup
is lower than those reported for UO, fuel. Moreover, this
is even lower than middle-ring fuel shown in Fig. 7
where the porous band was not observed.

Since neutron is moderated by heavy water which
surround fuel assemblies in the ATR core design,
moderated neutron goes into a fuel assembly from outer
ring. Therefore, a local burnup is highest at outer surface
of fuel assembly, i.e. pellet rim of an outer-ring fuel rod
which faces to moderator. From Nd profile measured, a
local burnup of porous band is deduced to be
approximately two times larger than the pellet average
burnup, i.e. around 60 GWd/t, which is well sgreed with
threshold burnup of transition zone reported by Lassman
et. al.” where porous band starts to occur. In case of

middle ring fuel rods, onset of burnup at pellet peripheral
region is not so steep that the local burnup at pellet edge
doesn't reach the threshold in spite of higher average
burnup.

It is easily supposed that the significant development
of this porous microstructure may affect physical
properties such as thermal conductivity and/or swelling.
However, no experimental result associated with the
porous band, such as significant development of grain
growth or fuel to cladding gap closure, was obtained
through the PIEs.

At the pellet periphery, Pu agglomerates were
observed. Fig. 9 shows scanning electron micrograph of a
Pu agglomerate together with intensity profile of Xe, Pu
and Nd measured by EPMA. From the micrograph, it is
clearly seen that the Pu agglomerate contains large
population of fine pores, which cause dark appearance of
the agglomerates in ceramograph. The Pu intensity
profile showed that the maximum diameter of Pu
agglomerates was 50 micron approximately. Quantitative
measurement by EPMA revealed that maximum Pu
concentration in the agglomerates was around 14 %. It
also showed that profile of Nd concentration almost traced
that of Pu, while increase of Xe concentration in Pu
agglomerates was not obvious. Since a local burnup of
Pu agglomerates was estimated to exceed
above-mentioned threshold burnup of 70 to 80 GWd/t for
porous structure from Pu concentration measured, it is
considered that the porous microstructure of Pu
agglomerates resulted from its high burnup.

Plutonium agglomerates have such characteristics,
however, there observed no measurable effect of Pu
agglomerates on irradiation behavior of MOX pellets,
partly because the MOX fuel pellets loaded into the ATR
36-rod fuel assemblies were highly homogenized by MH

process.
D. Cladding Inner Surface Oxidation

In a MOX fuel rod, it is anticipated that thickness of
oxide layer on cladding inner surface become larger than
that in a UO, rod at high burnup, because Pu atoms
generate more noble metal atoms by fission than U atoms
does and oxygen potential of MOX fuel is higher than
that of UO,. However, as shown in Fig. 7, oxidation of
cladding inner surface in a MOX fuel rod of E04 was
benigu. The maximum oxidation thickness was around 7
micron in high linear heat rate region, which is consistent
with the literature'’. Relationship between location of
corrosion and presence of Pu agglomerate where higher
oxygen potential can be expected due to high Pu
concentration was vague also.

These result suggests that oxidation of cladding
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inner surface ofa MOX fuel rod is small and may not be
affected by presence of Pu agglomerates in the burnup
range up to 35 GWd/t.

IV. CONCLUSION

Through the series of irradiation tests up to an
assembly burmnup of 33.1 GWdit, a lot of useful
experiences have been accumulated on the irradiation
behavior of a MOX fuel. The analysis of the PIE results
showed excellent performance of the high burnup MOX
fuel assembly. Comparison of irradiation behavior
between MOX and UO, fuel showed that there was no
distinguishable difference in irradiation behavior between
MOX and UO, fuel except for helium release and Pu
heterogeneity.

MOX fuel releases helium more than UO, fuel does,
since *’Cm is generated fasterin MOX fuel. However, it
is confirmed that the internal pressure in a MOX fisel rod
is predicted by the ATFUEL code conservatively up to a
rod average burnup of 35 GWd/t. Though plutonium
agglomerates with porous structure were observed, .there
detected no measurable effect on irradiation behavior of
MOX fuel
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Table 1 Summary of design specifications

Items Fugen MOX ATR 36-rod fuel
Driver Fuel (E03, E04, E05)
1. Fuel Pellet
Material Pu0,-UO, Pu0,-UO,
Outer Diameter (mm) 14.40 12.40
Height (mm) 18 13
Density (%T.D.) 95 -
Shape Solid with -
Dish & Chamfer
Pu Fissile Enrich (wt%) 0.4~1.62 0.98~2.45
2. Fuel Rod
Cladding Material Zircaloy-2 -
Outer Diameter (mm) 16.46 14.50
Inner Diameter (mm) 14.70 12.70
Fuel Stack Length (mm) 3700 3647
Filling Gas He -
& Pressure (MPa) 0.1 0.3
3. Fuel Assembly
Length (mm) 4388 4398
Bundle O. D. (mm) 111.6 -
Rod Number 28 36
Inner 4 6
Intermediate 8 12
Outer 16 18
Spacer Number 12 12
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Fig. 1

Schematic drawing of an ATR 36-rod fuel assembly
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BEHAVIOR OF MOX FUEL IRRADIATED IN A THERMAL REACTOR

Takeshi Mitsugi Naoya Kushida Keiichi Kikuchi'

Fuels & Materials Division
Oarai Engineering Center

Power Reactor & Nuclear Fuel Development Corporation
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Introduction

- Basic policy : Plutonium recycle

(Reprocessing, Fast Breeder Reactor, and Thermal Reactor)

- It is important

to consolidate the wide range of technological system
related to plutonium recycle, proceeding to commercial
use of FBRs

to consume plutonium comes from LWRs in operation.
to improve fuel cycle economy.

- PNC irradiated more than 16,000 MOX fuel rods in ATR Fugen

since 1978, and has been developing high performance MOX
fuel for water reactors.
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Schematic View of Fugen Core
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Development of High Burnup MOX Fuel for ATR

Original 28-rod Type Fuel Assembly for Fugen Driver
design Maximum Assembly BU : 20 GWd/t
l Maximum Linear Heat Rate : 57.4 W/m

36-rod Type Fuel Assembly
1st Step Maximum Assembly BU : 35 GWd/t
Maximum Linear Heat Rate : 49.2 W/m

SGHWR : Type-E

l Fugen : EO3, EO4, E05

54-rod Type Fuel Assembly for Fugen Burnup Extension
2nd Step Maximum Assembly BU : 55 GWd/t
Maximum Linear Heat Rate : 40 W/m

Fugen : Irradiation tests

200-86 009SNLL ONd
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Obijectives

- To irradiate series of MOX fuel assemblies to high burnup.

- To obtain useful information by extensive post-irradiation

examination.

- To evaluate irradiation behavior on high burnup MOX fuel

by comparing with UO2 fuel.

- To verify and to improve design procedure for high burnup

MOX fuel.

€00-86 0098NL ONd
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Characteristics Interested in MOX fuel

(Pu Addition)

(Fabrication Process)

Physical Properties
Thermal Conductivity
Melting Temperature
Oxygen Potential (Corrosion)

Irradiation Behavior
FP Gas Release
He Gas Release
Density Change
Microstrucutre Change
Pu distribution
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Summary of design specifications

ltems Fugen MOX ATR 36-rod fuel BWR
Driver Fuel (EO3, E04, EO5) (Typical 8x8)
1. Fuel Pellet

Outer Diameter (mm) 14.40 12.40 10.6

Density (%T.D.) 95 - 95

Pu Fissile Enrich (wt%) 0.4~1.62 0.98~2.45 -

2. Fuel Rod

Cladding Material Zircaloy-2 -

Outer Diameter (mm) 16.46 14.50 12.5

Fuel Stack Length (mm) 3700 3647 3660

Filling Gas He - -

& Pressure (MPa) 0.1 0.3 0.1
3. Fuel Assembly

Length (mm) 4388 4398 4470

Bundle O. D. (mm) 111.6 -

Rod Number 28 36 63
Inner 4 6 -
Intermediate 8 12 -
Outer 16 18 -
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Pellet Fabrication Process

U, Pu Mixed
Nitrate Solution

Co-conversion

Calcination

Reduction

~

(U, Pu)2 Powder

UO2 Powder
- (U, Pu)2 Powder

UO2 Powder
Puf)z Powder

Blending

Ball Milling

Pressing

Presintering

Microwave Heating Process

Sintering

MH Pellet

MB Pellet
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Linear Heat Rate (kW/m)

-Burnup of E04 - Burnup of E05
(rod averaged) . (rod averaged)
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—— Middle Ring Middle: 27.0 GWd/t ~ Middle: 35.2 Gwdft
....... Outer Ring ~ Inner:220GWdtt =~ Inner:30.2GWdft
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Time (days)

Irradiation history of Fugen EO5 fuel assembly
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Typical microstructure of a PNC MOX fuel
pellet irradiated in Fugen up to a pellet
burnup of 30.8 GWdrt
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Xe and Nd Profiles by EPMA
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. MPa

Plenum Pressure

Reference : T. Mishima, et.al.,, |AEA Technical Committee Mtg. on
Recycling of Plutonium and Uranium in Water Reactor

Fuels, Cadarache, France, Nov. 13-16, 1989
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Conclusion

- Irradiation behavior of PNC MOX fuel was investigated

through series of irradiation tests up to an assembly burnup of
33.1 GWd/t. Evaluation of data accumulated showed that there
was no distinguishable difference in irradiation behavior
between MOX and UO2 fuel except for helium release and Pu
heterogeneity.

- MOX fuel releases helium more than UOz2 fuel does, since

242Cm is generated faster in MOX fuel. However, it is
confirmed that the internal pressure in a MOX fuel rod is
predicted by the ATFUEL code conservatively up to a rod
average burnup of 35 GWd/i.

- Though plutonium agglomerates with porous structure were

observed, there detected no measurable effect on irradiation
behavior of MOX fuel.
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POWER RAMP TESTS OF MOX FUEL RODS FOR ATR (IFA-591)

Soichiro Yano Shusaku Kohno
Power Reactor and Nuclear Fuel Development Corporation  Power Reactor and Nuclear Fuel Development Corporation
4-33 Tokai-mura, Ibaraki, 319-11 JAPAN 4-33 Tokai-mura, Ibaraki, 319-11 JAPAN
+81-29-282-1111 +81-29-282-1111 '
Norihiko Onuki Katsuichiro Kamimura
Power Reactor and Nuclear Fuel Development Corporation  Power Reactor and Nuclear Fuel Development Corporation
4-33 Tokai-mura, Ibaraki, 319-11 JAPAN 4-33 Tokai-mura, Ibaraki, 319-11 JAPAN
+81-29-282-1111 +81-29-282-1111
ABSTRACT cooled reactor developed by Power Reactor and Nuclear
Fuel Development Corporation (PNC) in Japan. A main
Plutonium-uranium mixed oxide (MOX) fuel rods of feature of ATR is its flexibility on fuel utilization. A
instrumented rig IFA-591 experiment were ramped in large number of MOX fuel assemblies have been, and are
HBWR to study the Advanced Thermal Reactor (ATR) being irradiatedin the ATR prototype plant "Fugen".
MOX fuel behavior during transient operation and to PNC has been developing MOX fuels for thermal
determine a failure threshold of the MOX fuel. Eleven reactors.
segments were base-irradiatedin ATR "Fugen" up to
18.4GWd/tM. Zirconium liner claddings were adopted for The objectives of the power ramp tests in the
four segments of them. The segments were disassembled, instrumented rig IFA-591 are to study the ATR MOX fuel
non-destructive post irradiation examinations (PIEs) were behavior during transient operations and to determine a
performed before power ramp tests. All segments have failure threshold of the MOX fuel. An assembly with
instrumentations for in-pile measurements of cladding eleven segment rods for the power ramp tests was
elongation or plenum pressure. imradiated in Fugen up to 18.4 GWd/tM. Zirconium liner
claddings were adopted for four segments of them. The
The following results were obtained. All segments segments were disassembled, non-destructive PIEs were
were heated up to the maximum linear heat rating of performed before the power ramp tests.!~* The ramp
58.3~68.4kW/m without failure. Relaxations of cladding conditions as a ramp speed, a hold time, etc. were
caused by axial deformation at high temperature and determined more severely than considerable design
thermal feed back phenomena were observed. There are no conditions at transient cases. Ramp modes were (A) multi
differences between pellet-cladding mechanical interaction step test for six segments and (B) single step test for five
(PCMI) behaviors of two type rods of Zry-2 and Zr liner segments. Each segment has an instrumentation for in-
claddings. It seems that fission gas release are caused pile measurement of cladding elongation (EC) or plenum
through three steps as a rapid, a continuous and an pressure (PF). In this paper, PCMI and fission gas release
additional release. Fuel rod behavior analysis code behaviors during the power ramp tests are discussed with
‘FEMAXI-ATR' is validated under transient conditions. the EC and PF data. The experiment of IFA-591 was
carried out as a part of joint research program between
I. INTRODUCTION PNC and Japan Atomic Energy Research Institute
(JAERI) with the participation in the OECD Halden
The ATR is a heavy water moderated and light water Reactor Project.
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II. EXPERIMENT

Figure 1 shows the program time schedule.

A. Fuel Rods

The assembly equipped with eleven segment rods for
the power ramp tests was fabricated by PNC Japan. These
rods contained MOX pellets enriched to 3.71wt%
plutonium fissile content, having a density of 95% of
TD. Design parameters of the rods are listed in table 1.
The rods to be discussed are from IFA-591-1 (rod No.1) to
-11 (rod No.11). Rods of IFA-591-2,-5,-8,-9 consisted of
Zr liner claddings. Positions of the segment rods in the
assembly are shown in figure 2. The segment rod features
are shown in figure 3. o

B. Irradiation

The assembly was loaded in the core of Fugen,
operated by PNC, in 1987. It was irradiated under normal
ATR -conditions. Achieved burnups of the segment rods
are listed in table 2.

C. Inspection before Power Ramp Tests

After the base irradiation at Fugen, non-destructive
PIEs for the segment rods were performed to confirm to
be sound at JAERI and Kjeller Laboratory.

D. Power Ramp Tests

The power ramp tests were performed in IFA-591,
which was equipped with a 3He local power controller (the
3He method) and hydraulic cylinders for moving the rods
between the upper (low flux) position and the lower (high
flux) position (the drop method). The rig of IFA-591 has
three rods at each loading which were ramped in order. It
was set in the special loop kept at ATR coolant
conditions, that is, 286°C and 7.2 MPa during the power
ramp tests.

The eleven rods were power ramp tested in the Halden
Reactor. Two typical power ramp test sequences are shown
in figure 4. Ramp sequence A is a multi step ramp by the
3He method for four rods of Zry-2 and two rods of Zr liner
cladding, and Ramp sequence B is a single step ramp by
the drop method for three rods of Zry-2 and two rods of Zr
liner cladding.

1. RESULTS AND DISCUSSION
A. Inspection Result

It was observed 1) that there were no remarkable
defects and deformations of claddings by visual
examination, dimensional measurement and eddy current
testing, 2) that axial burnup distributions of each fuel
were almost constant without peak by gamma scanning
tests , 3) that stacks of MOX pellets were sound with no

- fragments by neutron radiography. So it was confirmed

that all segment fuel rods were to be suitable for the
power ramp tests.

B. Result of Power Ramp Tests

Burnups for the power ramp tested rods ranged from
14.8 to 22.2 GWd/tM and ramp terminal powers ranged
from 58.3 to 68.4 kW/m. The power ramp test results are
shown in figure 5. All eleven rods were sound during
power ramp tests.

C. Safety Evaluation

All segments were heated up to the ramp terminal
power of 58.3~68.4kW/m without failure. It is confirmed
that the current design of MOX fuel is conservative for
the transient to a maximum burnup of 22.2GWd/tM.

To compare with results of the latest BWR UQ:
fuel,® the ramp sequence A’ and B' for the BWR UO:2 fuel
are shown in figure 6, and its results are shown in figure
7 overlapped the results of ATR MOX fuel. It was
observed that the ATR MOX fuels were sound at higher
terminal power In figure 7, the threshold for the ATR
MOX fuel was higher than the BWR UO2 fuel ranged
from 15.5 to 22.2 GWd/tM, because the threshold line for
the BWR UO2 fuel could be drawn at about S50kW/m
between sound and failed marks and the ATR MOX fuels
were sound over the level.

D. Pellet-Clad Mechanical Interaction Behavior

Figure 8 shows the EC result of IFA-591-3 (Zry-2,
21.2 GWd/tM) during the power ramp test. The ramp
terminal power reached to 62.2kW/m of seven steps. It
was observed a rapid elongation right after the ramp and
then a relaxation. Figure 9a shows the rapid elongation in
detail at fourth step. Figure 9b shows the thermal

—56—
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feedback phenomena in detail at third step. After the rapid
elongation, the rod was slowly elongated to 80 . m for
150 seconds. This power level was in agreement with a
rapid fission gas release. During a power decrease after
the power ramp test, it was observed that a elongation rate
of cladding grew lower at 55kW/m. Its power level was in
agreement with an additional fission gas release. Figure
10 shows the additional elongation by the thermal
feedback phenomena was observed during a power decrease
after the ramp sequence B for [FA-591-7. Conceming of
shrinkage of the cladding with temperature decrease, the
additional elongation is assumed about 100 x m caused
by PCMI relaxation. The time for the additional
elongation is about one hour and is longer than a case of
the third step of the power ramp, because of lower
temperature. Pellet-cladding mechanical interaction
behaviors of two type rods of Zry-2 and Zr liner claddings
were almost the same. :

Figure 11 shows a relaxation ratio (relaxation
lelongation) at each power ramp for IFA-591-1 to -3. The
relaxation ratio was increased with linear heat rating, more
than 80% was relaxed over 55kW/m. Relaxations were
caused by axial creep deformation of pellet and slip
between the cladding and pellet at high temperature.
Relaxation rate didn't depend on bumups and kind of
claddings.

Figure 12 shows a relationship between EC and

coolant temperature. During the power decrease after the

power ramp test, it was observed that the elongation rate
of cladding below 55kW/m was almost linear and parallel
to it during the power increase before the power ramp test.
The difference between them caused a plastic deformation
of cladding as of 53« m (0.01%) by PCMI. The other
rods’ deformations were small as 0.01%.

E. Behavior of FP Gas Release

Fission gas release rates estimated by the PF
instrument during the power ramp tests were 42.5, 41.1,
37.2% for each IFA-591-4,-5,-6. The rate during the base
irradiation were estimated 0.03 to 0.19% by:puncturing
test for other fuels in the same assembly. Total fission gas
release rate was less than 45%.

Figure 13 shows the PF of IFA-591-6 (Zry-2,
22.2GWd/tM) during the power ramp tests. -‘The ramp
terminal power reached to 66.8kW/m of eight steps. There

were three parts:

1. A rapid release. At the first step, the PF had no
change. At the second step, the PF increased rapidly. It
seems that the pellet temperature was over an onset of the
gas release from grain boundaries and pores of crystal.

2. A continuous release. After the third step, the
PF continuously increased although the power increased
stairly. It seems that the fission gas released from inside
of grains caused by diffusion and change of
microstructure.

3. An additional release. It was also observed that
the additional fission gas release caused by PCMI
relaxation at 55kW/m during power down. The additional
fission gas release rate is 20~30% of total fission gas
release. It is saturated for about one hour

Figure 14 shows that the onset powers of the rapid

release are 40kW/m for IFA-591-4 (16.3GWd/tM) and

35kW/m for IFA-591-6 (22.2 GWd/tM). Higher bumup
rod has lower threshold power of the rapid release in this
power range.

Figure 15 shows that the FP gas release rates before
the power ramp tests are the same or lower than the other
test results.>-7 The rates were estimated 0.03 to 0.19% by
puncture test of the other fuel rods of the same assembly.
The rates after the power ramp tests are ovetlapped in the
same figure. These data are on a trend of the other points.

There are no differences between behaviors of the
fission gas release of two type rods of Zry-2 and Zr liner
claddings.

F. Validations of Fuel Rod Behavior Analysis Code
FEMAXI-ATR'

The FEMAXI-ATR code has been developed for
analysis of fuel rod irradiation behavior.8-? Material
property models and irradiation behavior models of MOX
fuel are considered in this code. And, under the transient
condition, that is power ramp, there are some transients
behavior models. The model that makes roughness of
pellet surface smooth by pellet and cladding contact
pressure, and the model that rod internal gas flows to rod
axial direction by difference of FP gas concentration and
difference of FP gas pressure,-and other transient models
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are considered.

Validations of the code under the transient condition
were camied out using the ramp test results. Figure 16
shows an example of validation result for rod internal gas
pressure. The trend of calculated values at each ramp step
resembles to that of measured ones as follows. 1)
Increasing of internal gas pressures during increasing of
powers were small except second step. 2) Increasing of
internal gas pressures during fixed powers and power down
were large. In the cases of behaviors of rod elongation,
measured values and code calculated values show good
agreement, too.

IV. SUMMARY

The following results were obtained by the power
ramp tests;

(1) All eleven segments were heated up to the maximum
terminal power of 58.3~68.4kW/m without failure. It
was confirmed that the current design of MOX fuel
was conservative for the transient to a maximum
bumup of 22.2GWd/M.

(2) Relaxations caused by axial deformation at high
temperature were observed. Thermal feed back
phenomena were observed at multi and single step
modes. Plastic deformation of cladding by PCMI was
small as 0.01%. There were no differences between
PCMI behaviors of two type rods of Zry-2 and Zr

liner claddings.

(3) It seems that fission gas release are caused through
three steps as (A) a rapid release from grain
boundaries and pores of crystal, (B) a continuous
release from inside of grains caused by diffusion and
change of microstructure, and (C) an additional release
caused by PCMI relaxation during power down.

(4) Fuel rod behavior analysis code FEMAXI-ATR' is
validated under the transient condition.
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Table 1 Design parameters of the segment fuel rod
Item IFA-591 fuel
1.Fuel Pellet Table 2 Achieved burnups of segment rods
Type Sintered MOX
Form Solid with dish and chamfer Max. Li Ramp Test
Outer Diameter 12.4mm Segment | Bumup . Linear .
Height 13.0mm RodNo. | GWa/tM H’:‘wﬁ““"s Ramp m Loading No.
Density 95FTD m Sequence | Lo
et B FA-S9L-1 | 155| 181 | Mum | 653 | IFAoL1
2 15.5 18.1 Muhi 66.3 IFA-591.1
" 3 212 237 Multi 632 IFA-591.1
2.Fuel Cladding .
Material Zty-2 1 Zey-2 with Zs liner 4 16.3 18.1 Multi 66.: :g:gg}g
Quter Diameter 14.5mm p 22| 27 | wus | s | maseis
Wall Thickness 20.82mm 7 63| 181 si 655 | Imasors
Zr Liner Thickness 0.075mm - - - ingle ' -391
8 148 18.1 Single 63.0 IFA-591.4
9 16.6 18.1 Single 65.2 IFA-591.3
3"’“;3?:'&” .10 n2| 7 Single | 594 | 1FAs013
Pellet Stack Length 532°mm65mm -11 22 2.7 Single 58.3 IFA-591.3
He Pressure 03MPa * : Zr liner cladding
Fig.1 Program time schedule
Ttem "“‘Ymu[nl'sal'nlwlwlmlwlmlvshlw
Fuel manufacturing D
(PNC)
Se R —
PIEs
(JAERI & Kjeller) |:I
Ramp tests (Halden) Fa-591.1-4 [ ]
S : Segment Rods
PIESs after ramp test ] §S: Spacer Support Tube
(Kjeller)
Fig.2 Positions of the segment rods in the assembly
HI02-Y203 Pellet
Hf Sleeve MOX Pellet
|< 365'mm D'
l]—— -520mm:
Fig.3 Schematic of the segment rod




PNC TN8600 98-002

Linear Heat Rating (kW/m)

Linear Heat Rating (kW/m)

Lincar Heat Rating (kW/m)

Linear Heat Rating (kW/m)
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Fig. 4 Ramp Sequence
BWR-UO2 ramp sequence A’
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70 . Prax 60tW/m « 4 =]
60 |-Pe0ATKWinises N
0 APSEWim ]
40 Awlhr T
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20 }F -
10 } .
) [ T -
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80 L S L L L L L L O B B
70 L Proax SSkWim - & R
P 44kWim
50 |- o
4 L \ -
o Pud.42Wiraivoc
20 k -
10 L -
0 L b Lt 21 L1t 2 1)
6 8 10
Time (hr)

Fig.6 Ramp Sequence for BWR UO2 fuel 6
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§ 4 B C @ :zy
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§0F ;
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RAMP SEQUENCE B
T %
Z70F
X s E
o
£ 4F
R
EXF 3
= 10 F k
E' 0 Bl lirn i s
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Fig. 5 Ramp Test Results
Ramp Sequence A and A’
. Sound  Failed
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. B Zrliver
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3 BWR-UO2 : ramp sequesceA’ &
A & Zliew
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. O & iyl
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o58888838

o
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W

Sousd  Failed
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O & :2y2
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Fig.7 Ramp Test Results for ATR MOX (IFA-591)

compared with BWR UO2 fuel &
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IFA-591-3 step4 as a function of time
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Fig.10 Linear heai rating and cladding elongation
of IFA-591-7 as a function of time

Fig. 9a Linear heat rating and cladding elongation of
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Fig.8 Linear heat rating and cladding elongation
of IFA-591-3 as a function of time
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Fig. 9b Linear heat rating and cladding elongation of

IFA-591-3 step3 as a function of time
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Cladding elongation (mm)
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function of coolant temperature
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Objectives

To investigate the ATR MOX fuel
behavior during transient operations.

To determine a failure threshold of the
MOX fuel.

To develop an irradiation behavior
analysis code for MOX fuel .
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iscal Year

197

Item

Fuel manufacturing
(PNC)

Irradiation (Fugen)

PIEs
(JAERI & Kjeller)

Ramp tests (Halden)

PIEs after ramp test

(Kjeller) |

'86 |'87 | '88 |'89|'90| '91|'92 '93|'94 | 05

IFA—591 174

'96

Fig.

Program time schedule
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MOX Pellet
Material MH powder
Type Sintered Solid MOX
with dish and chamfer
Diameter 12.4mm
Height 13.0mm
Density 95%TD
Pu fissile content 3.71%
239 241

Pu+ Pu/Pu+U)

1

I

1

365mm

520mm

Fig. Schematic and design parameters

of the segment rod
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Table Achieved burnups of segment rods

s ; Mao. Li Ramp Test
egmen ax. Linear - _
Rog No. |BUMup | eat Rate Ramp TeF:mmal LO?\IC:)'“Q Instr.
GWd/AM kW/m Sequence k(\)l\\'lv/?r: :
IFA-591-1 15.5 18.1 Multi 65.3 IFA-591.1 EC
2 | 155 18.1 Multi 66.3 |IFA-591.1 | EC
21.2 23.7 Multi 63.2 IFA-591.1 EC
16.3 18.1 Multi 6 PF
B | 163 18.1 PF
-6 22.2 23.7 PF
-l 16.3 18.1 65.5 EC
- 14.8 18.1 68.0 EC
-11 | 222 23.7 58.3 EC

C00-86 0098N.L ONd
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Outlet Coolant
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position —?h&’ 5 LVDT
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60 P=1kW/m/sec

rrrrrrrrrrrrrtra

AP=5kW/m
At=1hr

| I T TN N N I O I O N |

0246810

Time (hr)

RAMP SEQUENCE B

:Sdays

Lt t 1 11 Ll 1 1 1)

| Pmax 70kW/m - 1 or 4hr |

/’P=1 kW/m/

sec

0 2 4
Time (hr)

Fig.3 Principal Lay-out of the Rig and Ramp Sequence
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| Development of FEMAXI-ATR Code '

LUOQ rod irradiation behavior analysis code)
—FEMAXI-II

MOX rod irradiation behavior analysis code
—FEMAXI-ATR (Steady State)

@Material property Models  @Verification

and Irradiation behavior using PIE data
oﬁ?OdelS of MOX fuel (Ex.Rod intemal pressure)
= 10727 NoX '
= E * UO2
§ 0.08 E _
2 uo2 1 0%
55 | g y
ESon | ¥/ 3 0.1
g2 3
£ uo2 -20W1%PuO2 O
° 9 500 1000 1500 2000 2500 3000 1E-?E_2

Temperature (C) M‘:;asured1(MPa)m
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(Development of FEMAXI-ATR Code '

MOX rod ifradiation behavior anaEsis code
—FEMAXI-ATR (Transient)

@Measurement of Rod Behavior under the
Transient Condition
yRod Internal Pressure, Rod elongation

L1

@Development of irradiation behavior models

yePellet surface smooth by pellet and cladding
contact pressure

Y<Rod internal gas flows to rod axial direction
by gas concentration , etc.

@ Verification

Ycin-pile measurment data

€00-86 0098N.L DNd
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Rod Elongation (mm)
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Conclusions

1. The failure threshold is over 68.4kW/m
Conservative design

2. PCMI behavior

Axial relaxations
Thermal feed back phenomena

3. FP gas release | -
Three steps (rapid, continuous, additional)

Total FP gas release rate =55%

4. FEMAXI-ATR
Validation under the transient condition
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ABSTRACT

PNC is operating a prototype of the
ATR, called Fugen(165MWe), since 1979.
About six hundred plutonium-uranium mixed
oxide fuel (MOX fuel) assemblies have been
irradiated in Fugen without a failure.
PNC is developing a high burn-up MOX fuel
for the ATR (AH MOX fuel, maximum assem-
bly burn-up : 55GWd/t) from the economi-
cal viewpoint. It is expected to contrib-
ute to the development of the MOX fuels
for thermal reactors. The statistic de-
sign estimation method for the AH MOX fuel
ineluding the FEMAXI-ATR code was estab-
lished. OQut-of-pile tests have been per-
formed to obtain thermal hydraulic and
mechanical characteristics for the AH
MOX fuel. PNC is also developing the MOX-
Gd fuel rod for the AH MOX fuel.

I. PURPOSE OF ATR FUEL DEVELOPMENT

The Power Reactor and Nuclear Fuel
Development Corporation (PNC) is operat-
ing a prototype of the advanced thermal
reactor (ATR), called Fugen(165MWe), with-
out a fuel failure, which is the heavy-
water-moderated, boiling-light-water-
cooled, pressure-tube-type thermal reac-

tor !. About six hundred plutonium-ura-
nium mixed oxide fuel (MOX fuel) assem-
blies have been loaded in Fugen since 1979.
The ATR has the advantage of the flex-
ibility in the fuel utilization because
fast neutrons are slowed down in the heavy
water moderator region(see Fig.l). In the
case of plutonium utilization in the ATR,
plutonium isotopic composition slightly
affects on the nuclear characteristics of

Shield Plug

Calandria Tube
Pressure Tube
Calandria Tank
Fuel Assembly
Heavy Water
Shield Plug

Fig.1 Conception of ATR Core Structure
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the ATR 2. PNC has developed the 28-fuel-
rod-type MOX fuel assembly(28-MOX fuel,

maximum assembly burn-up: 20GWd/t) and the

36-fuel-rod-type MOX assembly(36-MOX fuel,

maximum assembly burn-up: 38GWd/t)for the
ATR (see Fig.2). Six hundred twenty seven
28-MOX fuels have been loaded in Fugen as

the driver fuel assembly(at November 1996).

Eleven 36-MOX fuels also have been loaded
in Fugen as the lead fuel assembly. and
the integrity of the 36-MOX fuel has been

confirmed up to a burn-up of 33GWd/t 3.

PNC is developing a high burn-up MOX

fuel assembly for the ATR (AH MOX fuel)

from the economical viewpoint. It is ex-

MOX Fuel Rod

* Maximum Assembly Bumup : 20 GWd ./ t
* Maximum Linear Heal Rate : 57.4 kW./m

* Fuel Rod Diamster : 16.46 mm * Fuel Rod Diameter

28-MOX Fuel 36-MOX Fuel

Fig.2 Cross Section of ATR Fuel Assembly

* Maximum Assembly Burnup : 38 GWd /'t
* Maximum Linear Heat Rate :49.2 kW/m
:14.5mm

pected to contribute to the development
of MOX fuels for thermal reactors. A maximum
assembly burn-up is 556Wd/t, which is the
same as those of the high burn-up U02 fuel
assemblies for LWRs in Japan. PNC has a
plan of the irradiation experiment with a
few AH MOX fuels in Fugen(see Fig.3).

II. QUTLINE OF AH MOX FUEL

The structure and principal specifi-
cations of the AH MOX fuel are shown in
Fig. 4 and Table 1. To fit into the pres-
sure tube of the reactor, the fuel assem-
bly is of a cylindrical configuration in
which fuel pins are arranged in
three concentric rings. Each pres-
sure tube houses one assembly. The
fuel assembly is composed of 54
fuel pins(24 fuel rods in the outer-
ring. 18 fuel rods in the interme-
diate-ring, 12 fuel rods in the
inner-ring respectively) of 10.8mm
in outer diameter, a spacer sup-
porting rod, upper and lower tie-
plates, and 12 spacers. The upper
and lower tie-plates and spacers
maintain the fuel pins in their
desired positions. The fuel assem-
bly is about 4.5m long and 110mm
in diameter. The fuel rod has al-
most the same structure as that of

the BWR fuel rod. The
average linear heat

ftem Flscal Year (005 1906 1997[1998 1999 oolzooi 2002*2005 ;lzooslzooslztm]zooa g:n::::i::e;azzc‘:;:i
the outer diameter of

the fuel rod is de-

Licensing o 0 creased and the num-
J ber of fuel rods is

I-‘&agi).ﬂcars Wﬁsmp ration O- 9 increased in compari-
20GWdi 40GWdt 55GWdit son with the 28-MOX

Irradiation e 0| fuel (16.46mm in
\ \ \ outer diameter)

PIE O —0 loaded in Fugen. Six
U02 fuel rods with

( Power Ramping Test ) 0 Gd203 in 18 fuel rods
in the intermediate-

( Reactivity Initlated y ring restrain the ex-
Accident Test T cess reactivity in
the beginning of life

( ): Under Consideration

Fig.3 Schedule of AH MOX Fuel lrradiation Test

to decrease the power
mismatch between the
fresh fuel and the
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Lower Tie Plate
Spacer Supporting Rod

Rod Spring  Spacer
Upper Tie Plate | Fuel Rod
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* Maximum Assembly Burn-up : 55 GWd,'t

*» Operation Cycle : 1L Months X 4 Batches
* Maximum Linear Heat Rate : 40 kW/m

* Fue! Rod Diameter : 10.8 mm

Upper Plenum Spring

Cladding

MOX Peliet

Lower End Plug

Fig. 4 AH MOX Fuel Assembly

remaining fuel. The spacer supporting rod
is located in the center of the fuel as-
sembly and is filled with non-void water,
contributing to relaxation of the radial
power distribution in the fuel assembly.

III. ISSUES IN DEVELOPING AH MOX FUEL

Extending burn-up causes increase of
the internal pressure of the fuel rod at
the end of life due to increase of fission
gas release. Increase of the initial he-
lium pressure in the fuel rod improves
the thermal behavior, restraining increase
of the internal pressure. The assembly
structure of the AH MOX fuel was designed
from the aspect of solutions to increase

of the fuel rod elongation and the fuel
pressure drop. A conventional determinis-
tic design evaluation method for the ATR
MOX fuel rod has been used for the designs
of the 28-MOX fuel rod and the 36-MOX
fuel rods so far, having sufficient reli-
ability. However, it is considered that
the result of the design evaluation is
severe in the case of the AH MOX fuel
because extending burn-up brings increases
of internal pressure and cladding corro-
sion thickness, and the deterministic de-
sign evaluation method has an excessive
safety margin. Therefore, it was decided
that a statistical design evaluation method
with considerations of distributions of
fuel dimensions in production and opera-
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tion conditions was developed and adopted
for the AH MOX fuel rod. On the other
hand, the statistical design evaluation
method was already introduced in the case
of designing for step II fuel rod(maximum
assembly burn-up:50GWd/t)for BWRs in Ja-
pan from the view point of rationality.
It is necessary for having benefit of this
method to predict thermal and mechanical
performances of the high burn-up MOX fuel
rod accurately during the irradiation pe-
riod. A MOX fuel rod performance evalua-
tion code "FEMAXI-ATR" was developed as a
best fit code(see Fig.5). It is necessary

Table 1 Fuel Specification

to predict rationally the gap widths be-
tween fuel rods of the AH MOX fuel during
irradiation because the quantity of fuel
rod bowing increases due to increase of
the irradiation period. A gap-width be-
tween fuel rods evaluation code "DYNAGAP"
was developed, which introduced the sta-
tistic calculation method.

Conventional Design Evaluation Method for ATR MOX Fuel Rod

Evaluation method Performance code: ATFUEL
-Deterministic Me_lhod -Fuel Performance Prediction
Aiﬂ Inputs are detcrmined with Safety Margin
conservative results

ccumulation of
@ (R )
ltem 54-Fuel-rod Assembly
1. Fuel Pellet New design Evaluation method for High Burn-up MOX fuel rods
Material PuO,-UO, Evaluation method  Performance code : FEMAXI-ATR
- Statistical Method -Fuel Performance Prediction
Outer Diameter(mm) Uoz;f:‘,zos 3151::: sDala have Statistical with Agreement with Data
Helght(mm) 95
e 8.0 Fig.5 C rison of Design Evaluation
Shape . . 1g. omparison o esl vaiua
* Solid with Dish ’ ' Metgods for ATR Fuel Rod
L & Chamfer
Pu Fissile 36~48
Enrichment(wi%)
2. Fuel Fod IV. CODE DEVELOPMENTS FOR AH MOX FUEL
Cladding Materia w?l':c;:?&nzer A. DEVELOPMENT OF "FEMAXI-ATR"
Outer Diameter(mm) 10.80
Inner Diameter(mm) 9.30 The FEMAXI-ATR code is based on
Diametral 200 "FEMAXI-III" * that has enough experiences
Gapsize( z2m) in evaluating performances on the UO2 fuel
Fuel Stack 3,600 rod. It has fuel material property models
Length(mm) and irradiation performance mode{s spe-
Filing Gas He cific to the MOX fuel as shown in Fig.6~9.
) Principal introduced models of fuel mate-
Filing Gas 08 rial properties are melting point *, ther-
Pressure(MPa) mal conductivity ¢7’, thermal expansion
3. Fusl Assembly factor ®, Young's module ®, creep rate ®.
Length(mm) 4,381 Principal introduced models of irradia-
' tion performances are FP gas release °,
&m@eOumr n1s xenon to krypton ratio, production of he-
Diameter(mm) lium which are based on the results of the
Rod Number 54 irradiation tests in Fugen?, the SGHWRY
Inner-Ring Rod 12 in UKAEA.and the HBWR in the Halden reator
Intermediate-Ring Free Rod 12 project. In the model of production of
Intermediate-Ring Tie Rod 6 helium, the production quantity due to
Outer-Ring Rod 24 decay of Cm242 corresponding to the ini-
Spacer Number 12 tial plutonium density is considered, which
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is calculated by the ORIGEN code. A cor-
relation '° between helium gas release and
FP gas release is also considered. Veri-
fications of the FEMAXI-ATR code were per-

formed by comparing calculated values with
the results of the MOX fuel irradiation

tests in Fugen ?, the SGHWR ", the HBWR!?,and
the Dodewaard reactor '*. Code verifica-
tions were also done by using UO2 fuel

data !4-13:16, The data bases are shown in

Table 2. Verification items were fuel
centerline temperature, fuel rod internal
pressure, fission gas release, helium gas
release, and fuel rod outer diameter
change. Calculated values and measured ones
had a good coincidence at a burn-up of up
to about 60GWd/t as shown in Fig. 10~14.
Thus, it was verified that the FEMAXI-ATR
code could predict accurately thermal and

mechanical performances of the ‘ATR MOX

0.08
LYONS's equation
I + GIBBY's experiment data
§ 0.06 [
z uo2
UOz2- 10WM%PuO2

0.04 |
[
3
®
E 0.02 |

o (] [ ] ] [}
0 §00 1000 1500 2000 2500 3000

Temperature ('C)

Fig.6 Model of FEMAXI-ATR ( Material Property )
( Fuel Pellet Thermal Conductivity )
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fuel rod during the irradiation period
even at high burn-up. Uncertainty of the
code predictions to measured values is
considered as a safety margin in the sta-
tistical design evaluation method.

B. DEVELOPMENT OF "DYNAGAP"

The DYNAGAP code was developed to
predict in-core behaviors of gap widths
between fuel rods. It deals with all fuel
rods as an assembly model statistically.
Fuel rod bowing is calculated by using a
elastic rod model with considerations of
initial displacement of rod bowing, axial
force caused by differences of rod elon-
gation between each ring, circumferential
distribution of thermal and irradiation
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Table2 Data Bases for Verification of "FEMAXI-ATR"

Fig.10 Veritication Results of FEMAXI-ATR
( Fue! Centerline Temperature)

Speciiication
Hom | TEiRed | Gating [Pote Dty ittt G Picadl Masinis Data Base
| Pocn | iy | Bemap |,
Pelet 0.18 ~| (%105 |01~ " Halden (MOX)
Tan‘fl:‘n 5 0.81 "(5";: Ss 0.3 =45 ] =41
W'
+ Halden (MOX)
+ SGHWR (UO, , MOX)
FP Gas 0.08 ~| eroy |04 ~ Faroks SR (U
Relssss | 80 1™ 033 | ormoe 24| =62| =55 | OEE (uoy,) o
(wt%) * BR-3 (UO,)
« Dodewaard (UO, , MOX)
- Inter Ramp  (UO,)
* Halden (MOX)
+ SGHWR (UO, , MOX)
Rod | 0.00~ | crs [o.1 - Sapenasas SR (U0
nrier 09~ (%1D) |01~ | < + Japanaese BWR (U
Pressre | 72 | 033 Gome 24| =62| =55 | OFC (uo,)
(W) * BR-3 (UDyp)
+ Dodewaard (UO,, MOX)
* Inter Ramp  (UDy)
9208 * Halden (MOX) )
He Gas 0.12~ | (%) |0.1 ~ + SGHWR (U0, , MOX,
Valume 56 0.33 | 0.7~0.6 21 =62| =55 » FUGEN (MOX) -
(wi%) + Dodewaard (UO,, MOX)
+ SBHWR (UO, , MOX)
92~96 + FUGEN (MOX)
Sladdng 42 [009~f wtD) (01~ | <o0| <55 |- NFIR (UO,)
Change 0.30 | 0.7~3.3 2.1 - *BR-3 (Uoz)
(Wi%) * Inter Ramp (UO,)
2000 v
o0
~ s °
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0 .
[} 1000 2000
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Fig.11 Verification Results of FEMAXI-ATR
( Fission Gas Release )

100

Calculated (MPa)

-
y

© MOX Fuel h
® U0z Fuel L/

Including ATR verification tast | |
{sponsored by MITlresulls
f : E04, TYPE-E

0.1

0.1 1

10
Measured (MPa)

Fig.12 Verification Results of FEMAXI-ATR
( Fuel Rod Internal Pressure )

100 <

Calculated (cm?)
S

© MOX Fuel
® UO2 Fuel

o R

° Inciuding ATR verification test
{sponsored by MITiyrasults
1 E04, TYPE-E

2 1 .

0.1

10 100
Measured (cm?)

Fig.13 Verification Results of FEMAXI-ATR
( He Gas Release )

1000



PNC TN8600 98-002

05 T T
0 MOX Fuel
® UO2 Fuel
£ of .
3 % 008"
g v
8 :
3
05
)
Inluding ATR verification test
{sponsared by MThresults
E04, TYPE-E
1 R .
-1 05 0 05
Measured (%)

Fig.14 Verification Resuits of FEMAXI-ATR
( Fuel Rod Outer Dlameter Change )

3.0 T T r
E o5t
£
=2
s 0 B
g 20f 1
) oS
-8 (o] Op
£ [¢]
3 15} 1
3 Inoluding ATR verlfication test

(sponsored by MiTl)results
: s TYPE-E
1.0 . L L
1.0 15 2.0 25 3.0

Measured Gap Width (mm)

Fig.16 Verification Results of " DYNAGAP "

[ Input data : Pcumlh history }
for all the operation cycles

Input

(X,
g Oper'al)ion conditions
- Fuel rod dimensions, eic.

Evalvation Results

whole the fuel assembly

=

[ Calculating axial ioad on ali the

[cmumnm-bummw] '

span, by assembly mode!

for every fie! e

[CQlculaﬂng the local bowing values orj
fuel rods.

theory
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Fig.15 Flow Chart of "DYNAGAP"

effects on fuel rods, stress relaxation
by creep and relaxation of binding force
of spacer. Thereafter, the distribution
of the gap width value between fuel rods
for each ring is obtained by applying Monte
Carlo method to calculated bowing values
because the direction of bowing for each
fuel rod is at random. The flow chart of
this code is shown in Fig. 15. Code veri-
fications were done by comparing calcu-
lated values with measured ones which were
based on the results of the post irradia-
tion tests for the 36-MOX fuels(EO4, TYPE-

Performance Analysis
(FEMAXI-ATR)

tatistical Method
+ Sensitiveness analysis method
- Standard error propagation

gaddi:'x'g Stress
i Vhod
jonte

S ST ——
M )| T limi
Biress motio

Wym} Results
] - '(:_.‘hx'ld ilempe{nuxe =
e ntemnal 95% lower 95% y
presstre imit mit
Evaluation Resulls
(X, o)
-1 95% lower limit of power
Tattosppicain,,

Fig.17 Flow Diagram of Fuel Design Evaluation

( Statistical Evaluation Method )

E) dirradiated in Fugen® and SGHWR!!. Cal-
culated values and measured ones have a
good coincidence as shown in Fig. 16. The
code was modified for using in design es-
timation so that calculation values could
cover all measured ones.

V. STATISTICAL DESIGN EVALUATION

The flow diagram of the statistical
design evaluation method is shown in
Fig.17. In this method, input values and
evaluation values are dealt with statis-
tically. Evaluation values are obtained
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Fig.18 Evaluation Result on Fuel Melting

by applying the sensitiveness analysis
method and the standard error propagation
theory to the results of analyses by the
FEMAXI-ATR code. The statistical evalua-
tion values of the cladding stresses are
obtained by the Monte Carlo method in the
evaluation of the cladding stress. There-
after, the 95% value to the upper limit in
the distribution of the cladding stress
is compared with the allowable stress which
is based on the shear strain energy hy-
pothesis. This statistical design evalua-
tion method was applied to the evaluation
of the AH MOX fuel rod. It was verified
analytically that the integrity of the AH
MOX fuel rod was maintained over the whole
irradiation period. Fig.18 shows the evalu-
ation result on melting of fuel. It is
clear that the 95% value to the lcwer
limit in the distribution of the power
corresponding to melting of fuel is suf-
ficiently higher than the design power
history in transient.

25

20

16

1.0

VI. CHF TEST, HYDRAULIC TEST, ENDURANCE

TEST. AND VIBRATION TEST

Critical Heat Flux (Geal/m? h)

05

Four kinds of out-of-pile tests have
been performed to obtain thermal hydrau-
lic and mechanical characteristics for
the AH MOX fuel. A critical heat flux(CHF)
test has been performed at the 14 MW Heat-
Transfer-Loop(HTL). The HTL test section
is shown in Fig.19. In the experiment,

one of the local peakings of the
cluster was at the beginning of the
life where was the severest in terms
of thermal hydraulics. Fig.20 shows
the relationship between CHF and
steam quality for the whole data of

5700

FULL SCALE

SIMULATED FUEL ASSEMBLY

PRESSURE TUBE
N\

Fig.19 HTL Test Section

T T Y T
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1
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Fig.20 Comparison between All of Experimental Data
and "FUGEN?" Design Correlation
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nents constructing the AH MOX
fuel assembly, the fretting
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tegrity of the fuel components.
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correlation of pressure drop
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coefficients(see Fig.21) and
two-phase multiplier coeffi-
cients was almost the same as
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that of the 28-MOX fuel at nor-
mal reactor operating condi-

tions. It was predicted that
the integrity of the AH MOX
fuel was retained at the maxi-

1000 10000 100000
Reynolds Number (-)

Fig.21 Pressure Drop Coefficient of Fuel Assembly

Fig.22 Vibration Test Equipment

the AH MOX fuel. It has been confirmed
that the measured CHFs were higher than
the design correlation line for the 28-
MOX fuel. The tests of hydraulics and me-
chanical endurance have been also carried
out using a first mockup AH MOX fuel and
the Component-Test-Loop(CTL). in order to
obtain pressure drop coefficients and two-
phase multiplier coefficients of compo-

mum assembly burn-up of up to
556Wd/t from the results of
the endurance test. In addi-
tion, the vibration tests for
the AH MOX fuel have been per-
formed to obtain the vibra-

1000000

Calculated (G)

® Earthquake at Fugen Site
© El Centro Earthquake

o ' 2 s Iy s
0 2 4 6 8 10 12
Measured (G)

Fig.23 Verification Results of Aseismic Analysys Code
" CATFISH " ( Maximum Accelaration )

tion characteristics, and to demonstrate
the integrity of the AH MOX fuel under
earthquake conditions because the skel-
eton structure with one spacer supporting
rod was different from that of the 28-MOX
fuel(see Fig.22). The test fuel had the
same specifications as those of the AH
MOX fuel except imitation pellets for
weight, and acceleration detectors set in
fuel rods and the spacer supporting rod.
It has been confirmed that the vibration
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characteristics of the AH MOX fuel was
almost the same as that of the 28-MOX
fuel. It is considered that the binding
forces by 12 spacers for the fuel rods and
the spacer supporting rod are enough to
make the fuel assembly vibrate as a single
body. The vibration test simulating de-
sign-base earthquakes has been curried out.
It has been confirmed that the integrity
of the AH MOX fuel was retained under the
design-base seismic conditions. A verifi-
cation of an aseismic analysis code “CAT-
FISH” was done by comparing calculated
values with measured ones. It was con-
firmed that calculated values and mea-
sured ones had a good coincidence as shown
in Fig. 23.

VII. DEVELOPMENT OF MOX-GD FUEL

The AH MOX fuel has six UO2 fuel rods
with Gd203 as mentioned above. However,
the utilization of the MOX fuel rod with
Gd203 can meke the reactor core composed
by MOX fuels completely. A duplex-pellet-
type MOX fuel rod with Gd203 (DU MOX-Gd)
is being developed by PNC which means that
Gd203 rods (or Gd203-Zr0O2 rods) are in-
serted in holes of annular MOX pellets(see
Fig.24) '. The characteristics in the uti-
lization of this fuel rod are , 1)the

Gd20s-ZrO2 Rod

Fuel Rod
Annular MOX Peliet

Fig.24 Duplex-Type MOX-Gd Fuel

manufacturing processes for the DU MOX-Gd
fuel pellets are not required, 2) the ef-
fect of gadolinium as burnable poison is
milder in comparison with the case of us-
ing MOX fuel rod added Gd203 homogeneously
because the 5d203 rod is located at the
center of the fuel pellet so that the
number of thermal neutrons absorbed by
gadolinium is smaller than that in the
case of the MOX fuel rod added Gd203 homo-
geneously. Furthermore, there is a possi-
bility to adopt a ATR fuel assembly with
one kind of plutonium fissile content if
the DU MOX-Gd fuel rods are utilized in
the fuel assembly more positively. This
advanced fuel technology can be applied
to the MOX fuels for LuWRs.

VIII. CONCLUSIONS

1) PNC is developing the AH MOX fuel (maximum
assembly burn-up:55GWd/t) which is ex-
pected to contribute to the develop-
ment of the MOX fuels for thermal re-
actors.

2) PNC has the plan of the irradiation
experiment with a few AH MOX fuels in
Fugen.

3) The statistic design estimation method
for the AH MOX fuel including the
FEMAXI-ATR code was established.

4) It was verified by analysis and out-
of-pile tests that the integrity of
the AH MOX fuel was maintained over
the whole irradiation period and under
the design-base seismic conditions.

5) It has been confirmed that the thermal
hydraulic and vibration characteris-
tics were almost the same as those of
the 28-MOX fuel.

6) PNC is developing the DU MOX-Gd fuel
rod for the AH MOX fuel as the advanced
MOX fuel technology.
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sent of ATR Fuel

Develop

- The Power Reactor and Nuclear Fuel Development
Corporation (PNC) is operating a prototype of
theadvanced thermal reactor (ATR), called Fugen(165MWe),
without a fuel failure, |

- About six hundred plutonium-uranium mixed oxide
fuel (MOX fuel) assemblies have been loaded in Fugen
since 1979.

- PNC is developing a high burn-up MOX fuel assembly for
the ATR (AH MOX Fuel : assembly burn-up S5GWd/t)
from the economical viewpoint to contribute to
the development of MOX fuels for thermal reactors.
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AH MOX Fuel Assembly

Lower Tie Plate

- Maximum Assembly Bum-up : 55 GWd/t
- Operation Cycle : 15 Months X 4 Batches
- Maximum Linear Heat Rate : 40 kW.,/m

- Fuel Rod Diameter : 10.8 mm

Upper End Plug MOX Peliet Sleeve

) TR RN R AN AN
1)) I ) 71155 )

eeerronmmmrn
(e 3

Upper Plenum Spring Cladding

Lower End Plug

Fig. AH MOX Fuel Assembly

Table Fuel Specification

Item 54-Fuel-rod Assembly
1. Fuel Peliet

Material PuO,-UO,

uo

Outer Diameter(mm) 29-?3203

Height(mm) 9.5

Density(%T.D.) 95.0

Shape Solid with Dish

. & Chamfer

Pu Fissile 3.6~4.8

Enrichment(wt%) . :
2. Fuel Rod

Cladding Material Zircaloy-2

with Zr-Liner
Outer Diameter(mm) 10.80
Inner Diameter(mm) 9.30
Diametral 200
Gapsize( um)

Fuel Stack 3,600
Length(mm)

Filling Gas He

Filling Gas 0.5
Pressure(MPa)

3. Fuel Assembly

Length(mm) 4,381

Bundle Outer 111.6
Diameter(mm)

Rod Number 54
Inner-Ring Rod 12
Intermediate-Ring Free Rod] 12
Intermediate-Ring Tie Rod 6
Outer-Ring Rod 24

Spacer Number 12
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Design Evaluation Methods
Conventional Design Evaluation Method fo ATR MOX Fuel Rod

Evaluation method Performance code: ATFUEL

| -Deterministic Method -Fuel Performance Prediction

All inputs are determined : :
in order to obtain with Safety Margin

conservative results

Accumulatlon %f ¢
Measurement Data
(Production i? data)

| New design Evaluation method for High Burn-up MOX fuel rods
Evaluation method  Performance code : FEMAXI-ATR

- Statistical Method -Fuel Performance Prediction
Input Data have Statistical with Agreement with Data
Values
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FEMAXI-ATR code

FP Gas Release (%)
8 8 8 8 8 3 8 8

g

10
0

0.08
LYONS's equation
5 + GIBBY's experiment data
E 0.06
2 Uo2
g U02 - 10wt%Pu02
§ 0.04 UO2 - 20wt%PuO2
S
o
E 0.02
2
-
0 [} (] (] (] | ]
500 1000 1500 2000 2500 3000
Temperature (T)
Fig. Fuel Pellet Thermal Conductivity
2100C |
2000C
VITANZA's model-+Acceleration
1800C |
1600°C |
14007 |
s Fuel temperature
0 20 40 60 80

Burnup (GWdft)

Fig. FP Gas Release vs. Burnup and Temperature
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Fig. Xe /Kr Ratio vs. PuO2 Density
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0
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Verification of FEMAXI-ATR

Specification

- Rod .
item h::t:‘rglb g:,gf cf;:g&tng Pelle!:enslty Initial He Gas | Average | Maximum Data Base

Gap Pressure | Bym-up | LHR
(mm) Pu Content ( MPa ) (GWd/t) (kW/m)

93~95
Pellet - Halden (MOX)
" 0.18 ~ | (%T.D.) 01~ | < <
Tefaximum 5 0.31 | 45~76 03 | =40 | =41
emperature (Wi%)

200-86 0098N.L DNd

« Halden (MOX)
- SGHWR (UOj , MOX)

FpGas | looe~| 3730 | 01~ | <pn | <55 |- Faranouse SR (UO,)
eR etase 0.33 | 0. 7~96 21 | = = - NFIR (UOy,)
ate (Wi%) - BR-3 (UOy)
- Dodewaard (UO, , MOX)
* Inter Ramp U62)

- Halden (MOX)
- SGHWR (UO, , MOX)

92~96 - FUGEN (MOX)

Rod Inner 0.09~ r 0.1 ~ - Japanease BWR (UO
Pressure | 2 0.33 891071;%25 2.1 §‘62 =5 |, NaF‘:; (UO,) ?
(Wi%) - BR-3 (UOy)
- Dodewaard (UO, , MOX)
- Inter Ramp (U%z)
0.12~ | 22728 | 0.1 '22'333.;“{'330 MOX)
He Gas .12~ A~ . ,
Valume 56 0.33 c(;.y;lg.})s 21 | 62| =55 - FUGEN (Mo;)
(wt%) - Dodewaard (UO, , MOX)
- SGHWR (UO, , MOX)
Cladding 92~96 - FUGEN (MOX)

Diameter 42 0%9:;6 (%1.0) | 01~ | <60 | <55 |-NFIR (UO,)

Change 0&%2)'3 211 - BR-3 (UO,)
+ Inter Ramp (UO,)
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V‘eriticqtion ot. FEMAXI -ATR

© MOX Fuel
® UQz Fuel
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Development of Duplex-Type MOX-Gd fuel

1)The manufacturing processes for the Duplex-Type MOX
-Gd fuel pellets are not required.
2)The effect of gadolinium as burnable poison is milder in

comparison with the case of using MOX fuel rod added
Gd203 homogeneously.

Gd203-Zr02 Rod =t |

Fuel Rod
Annular MOX Pellet “
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Conclusions

1)PNC has the plan of the irradiation experiment with a few
AH MOX fuels in Fugen.

2)The statistic design estimation method for the AH MOX fuel
including the FEMAXI-ATR code was established.

3)It was verified by analysis and out-of-piletests that
the integrity of the AH MOX fuel was maintained over
the whole irradiation period and under the design-base
seismic conditions.

4)PNC is developing the DU MOX-Gd fuel rod for
the AH MOX fuel as the advanced MOX fuel technology.
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