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Fuel Safety Research Meeting 2005, which was organized by the Japan Atomic
Energy Agency (Establishment of the new organization in Oct. 1, 2005 integrated of JAERI
and JNC) was held on March 2-3, 2005 at Toshi Center Hotel, Tokyo. The purposes of
the meeting are to present and discuss the results of experiments and analyses on reactor
fuel safety and to exchange views and experiences among the participants. The
technical topics of the meeting covered the status of fuel safety research activities, fuel
behavior under Reactivity Initiated Accident (RIA) and Loss of coolant accident (LOCA)
conditions, high fuel behavior, and radionuclide release under severe accident conditions.
This summary contains all the abstracts and sheets of viewgraph presented in the
meeting.
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Outline of the FSRM 2005

Fuel Safety Research Meeting (FSRM2005) was held at Toshi Center Hotel, Tokyo on
March 2-3, 2005. The technical scope of the meeting includes aspects of nuclear
reactor fuel safety from performance in normal operation to behaviors during
reactivity-initiated accident (RIA) and loss-of-coolant accident (LOCA) as well as
radionuclides release from fuels under severe accident conditions. The meeting was
held with seventy participants including ten from overseas. The eighteen
presentations in the following six session were made and were comprised of ten from
Japan Atomic Energy Agency (JAEA), and eight from foreign institutes.

Sessionl; General report
Outline of fuel safety research in U.S.A., on-going licensing issues and R&D
study on high burnup fuel in France, fuel safety activities in Korea and recent

progress in fuel safety research at JAEA were presented.

‘Session2; Fuel behavior under RIA condition
The results of recent NSRR experiments on high burnup LWR fuel under RIA
conditions, analytical research on fission gas release during RIA conditions and
fresh fuel rod experiment focused on hydride rim were presented by JAEA.
Progresses of RANNS code simulating the fuel behavior during RIA were -
reported.

Session 3; High burnup fuel behavior
The NSRR experiment of simulated power oscillation in BWRs and progress of
mechanical property evaluation on cladding by JAEA were reported. The
‘cross-over program’ which is to simulate a formation process of high burnup rim
structure was introduced. Performance of fuel cladding material characterization
for ALPS program was introduced by PSI.

Session 4; Fuel behavior under LOCA condition

Progress of LOCA experiment, second in-pile test and preliminary PIE was
presented by Halden reactor project. Results of ring compression ductility
screening test with advanced-alloy cladding and LOCA integral tests focused on
post-quench ductility were introduced by Argonne National Laboratory. Recent
results of LOCA experiment on high burnup fuel and, develop or modify test
methodology to evaluate cladding performance and safety in LOCA were
presented by JAEA.
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Session 5; Radionuclides release under severe accident condition
Main results of VEGA (Verification Experiments of Radionuclides Gas/Aerosol
Release) project on the radionuclide release were presented by JAEA. The
general status and interpretation of results obtained by the VEROCORS
program were introduced by IRSN.

Session7; JAEA's future program
- The research program ‘Advanced LWR Fuel Performance and Safety (ALPS) was
introduced. In the program, first NSRR pulse-irradiation test, VA-1, with 79
GWd/t Vandellos PWR fuel were performed in Feb. 2004. High burnup UOz and
MOKX fuels are subjected to variety of experiments, such as NSRR test and LOCA
test.

The primary purposes of the meeting are to presént and discuss results from fuel
safety research program of JAEA, including RIA-simulating experiments in the NSRR
(Nuclear Safety Research Reactor), LOCA experiments, VEGA program, and fuel
behavior code development. Discussions among the meeting participants were active
and informative. The meeting provided a great help in promoting JAEA research

activities and collaborations with domestic and foreign organizations.
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1.Session 1 General report
Session 1-1

Fuel Safety Research in EPRI
Rosa Yang, 3412 Hillview Ave, Palo Alto, CA ryang@epri.com

The Fuel Reliability Program, supported by international utilities, was established in
1998 to proactively address fuel operational and regulatory issues. Four Working Groups
have been established : PWR corrosion & crud control, Fuel regulatory issues, Fuel
reliability and performance margins and BWR corrosion & crud control. The WG 2, fuel
regulatory issues, is the industry interface with US NRC on all fuel-related regulatory
issues; interacting with NRR, thru NEI, on licensing issues; collaborate with NRC
research (RES) on research issues.

The current focus of safety research in EPRI include :

-Burnup extension licensing to 75 GWD/T rod average burnup

-Criteria for reactivity initiated accidents (RTA)

-Loss of coolant accidents (LOCA) criteria

-Analytic tool (FALCON) for understanding transient fuel behavior and criteria
development

The presentation will describe the status, accomplishment and issues to address in each
area. In addition, examples will be given on how EPRI uses the FALCON code to
analyze and design safety experiments and develop safety criteria.
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EPRI Confidential information net 1o be copled or distibuted vithout wwriten permission of EPR}

Ere
Outline of EPRI's Safety Research

» Fuel Reliability Program — Working Group 2 (WG2) is
the industry’s interface with the USNRC on issues
related to fuel

» Through Nuclear Energy Institute for interactions with NRC-NRR
on licensing issues

 Directly with NRC-RES on technical matters
 Utilities and fuel vendors actively participate in WG2
e Currently focus:
- Burnup extension licensing (Industry Guide)
— Criteria for Reactivity Initiated Accidents (RIA)
~ Loss of Coolant Accident ( LOCA) criteria ;
Analytical tools for criteria development (FALCON code)

I

2 Fuel Reliability Program

Japan-March 2005

EPRI Confidentinl Information not 10 be copied o dislibiited vathout wittes parmission of EPRE
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ErrRl
EPRI Approach to High Burnup Licensing

Ind Guide for Hizh B

o Technical Justification for Design and
Acceptance Limits

® Data Needs to Support Design/ Acceptance
Limits and Demonstrate Compliance

Transients

e Data Analysis and Interpretation | [® Data Analysis and Interpretation

® Analytical Evaluations for 4 Af@’ﬁ*""“ Evaluations for ® Analytical Evaluations for
Criteria Development Criteria Development Criteria Development

N

LCON Analysis Meth

® Analysis of fuel rod experiments/irradiation perfonmance
e Fuel behavior during operational transients and postulated accidents

3 Fuel Reliability Program
Japan-March 2005
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Ererel
Role of Analytical Methods - FALCON

« Understand the phenomena important to fuel rod
behavior ’
~ Evaluate experimental results
— Integrate results from separate effects tests to represent
overall fuel behavior, e.g. material property tests and PCMI
loading ‘
* Assist in design of experiments to highlight key
behavior and minimize test artifacts
— ldentify important phenomena to observe/measure
— Define specimen & equipment designs
+ Translate behavior observed in integral tests and
develop acceptance criteria

— Account for differences in test conditions and postulated
LWR accident conditions

4 Fuel Reliability Program

Japan-March 2005

EPRI Confidential nformation not to be copied or distributed without wrilten permission of EPR)
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FALCON: LWR fuel rod behavior code

* Robust numerical structure and material constitutive
models

— State-of-the-art numerical methods in thermo-mechanics

+ Calculates the thermal and mechanical behavior of the fuel,
cladding, gap, and internal void regions

~ Uses latest material property data on UO, and Zircaloy
behavior that include the effects of high burnup

+ High burnup fuel performance

— Applications include steady state fuel performance, off-
normal/transient behavior, and fuel failure root cause
evaluations

* Large database of fuel rods for code validation

5 Fuel Reliability Program

Japan-March 2005
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ErrRl
Material Modeling in FALCON

* Fuel and cladding properties
— MATPRO augmented by literature & NFIR material properties
data
» Robust constitutive formulation
— Elastic-Plastic-Creep for fuel and cladding
- Large-displacement/finite-strain theory
— 3D Cracking for fuel, compression / friction for gaps
» Behavioral models
— Steady state and transient FGR
— Cladding failure by PCI, mechanical fracture and rupture

— High temperature phase transformation, oxidation, and
oxygen diffusion in LOCA conditions

6 Fuel Reliability Program

Japan-March 2005
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The Industry Guide (IG)

» Objective: .
— Provide a consistent, industry-wide approach for licensing
burnup extensions for LWR fuel
— Simplify the licensing process by obtaining NRC agreement
on review of criteria
— Simplify the burden of demonstrating adequate performance
at targeted burnup limits (70 -75 GWD/T)
— Provide licensees a reference for use as a basis (starting
point)
+ Prepared in response to NRC request for an industry-wide
consistent approach
» Similar to a “Reg Guide” issued by NRC

« Consistent with NUREG-0800 Standard Review Plan Section
4.2 and fuel vendor topical reports.

7 Fuel Reliability Program

Japan-March 2005
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EreRl
The Industry Guide (Continued)

Approach used in the IG
— Review current licensing bases — assess applicability to extended
burnups
— ldentify if modifications or additions to existing bases are needed
- Justify existing or modified criteria
— ldentify what data will be needed to demonstrate compliance at
extended burnups
Status
- Development work completed — Report published in 2004 (Ref:
Licensing Criteria for Fuel Bumup Extension Beyond 62 GWad/tU —
Industry Guide, EPRI Report 1001808)
— RIA and LOCA -related criteria reference the existing RIA topical
report (EPRI 1002865) and a separate LOCA-specific topical report
(to be prepared in 2006)
— Being submitted to the NRC for review and approval as an “industry
topical” - for use as a reference in individual vendor applications

8 Fuel Reliability Program

Japan-March 2005
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Errel

Work related to RIA

Conducted analysis & evaluation of all relevant RIA-
simulation tests (EPRI Report 1002863)

Developed failure threshold for LWR fuel (consistent
with measured material property data)

Proposed revisions to current RIA criteria at high
burnup in a Topical Report (EPRI Report 1002865)

— Topical report under review by NRR

Developed 3-D Rod Ejection Analysis methodology
for PWRs (EPRI report 1003385)

Ongoing work - continued participation in CABRI
water loop & analysis of results

— Advanced claddings

— Pulse width effects

— BWR cladding

9 Fuel Reliability Program

Japan-March 2006
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Proposed RIA Criteria

260.00
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g
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1 Fuel Reliability Program

Japan-March 2005
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=rE Analytical Approach to

Develop Cladding Failure Threshold
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12 Fuel Reliability Program
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=2l
Approach to develop RIA coolability limit based on

energy to incipient fuel meilting

U0, melting temperature

Use FALCON to determine
fuel enthalpy (H,,,,) to cause
T ::> incipient fuel melting
burnup @
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13 Fuel Reliability Program
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Application to PWR HZP REA

Comparison of Licensing 3-D Neutron Kinetics Results (W 4-Loop Plant)®
with Proposed RIA Criteria
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Japan-March 2005

EPRI Confidential information not 1o be copied or distributed without viriten peemission of EPRI



JAEA-Review 2006-004
ErRRl
LOCA-Related Work

* FRP is actively participating in the LOCA program at ANL

-~ Supply irradiated (high-burnup) BWR & PWR fuel rods for LOCA-
related testing

— Supply rods with advanced claddings (M5 & Zirlo) at high burnup
- Analytic support for design of experiments
—~ Independent analytic evaluation of results

« Ongoing analysis of results from international programs
~ Halden
— JAERI
— ANL

* Planning to develop a Topical Report on LOCA criteria in
2006

15 Fuel Reliability Program
Japan-March 2005
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ErRl
Analytical Evaluations for LOCA

* Integral LOCA experiments
— Calculate ballooning and burst behavior to evaluate burnup
and alloy effects

— Calculate cladding high temperature oxidation profiles to
understand cladding temperature distribution (fuel relocation
effects)

* Post-Quench ductility tests
- Evaluate impact of hydrogen on embrittlement
+ Assess/correlate ring compression test results

- Fundamental understanding of embrittlement factors
» oxygen profile in alpha and beta layers
¢ hydrogen distribution/morphology

16 Fuel Reliability Program
Japan-March 2005
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= Deformation Response During a LOCA

Inteagral Tests at ANL
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Comparison to ANL Results
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Halden IFA-650.2: FALCON Strain Calculation
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EEFRE
Hydrogen Effect on Post-Quench Ductility

* Hydrogen influences two key factors that control the
deformation behavior of zirconium alloys
- Increases the oxygen solubility in the beta phase
~ Results in formation of d-hydrides along grain boundaries
during quench
+ Both factors cause an increase in the material
hardness
— Solid solution hardening by higher oxygen content
~ Hardening by hydride precipitates and dislocations

* Possible synergistic effects between hydrogen and
oxygen that may influence material ductility
— Enhancement of oxygen diffusion in beta layer by hydrogen

~ Interplay of dislocations caused by hydride precipitation and
solid solution hardening

20 Fuel Reliability Program
Japan-March 2005
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LOCA Issue Is At A Critical Stage
* NRC has proposed an aggressive schedule for rule
making to start September, 2005
— Some tests may not be completed
— No tests on irradiated advanced cladding
 Not all tests have been completed / most recent results
need interpretation
* A reduction of LOCA limits will have major impact |
— New rule making: models, methodologies, additional analysis
— Reduced margins, operation flexibility and fuel cycle economics
— Impact on new cladding materials (performance-based criteria?)
24 Fuel Reliability Program
Japan-March 2005
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Summary

» The Fuel Reliability Program - WG2 is the industry focal point to
address fuel-related regulatory issues '

The industry Guide is complete — Expect NRR review during
2005-06

The RIA issue is being evaluated by NRR — FRP work will
consist of: ,

— Support for the NRR review

Major near-term issues in the area of LOCA criteria

— Continuing participation in ANL and other international

experimental programs, like ALP

— Continue analytical work to guide experiments and interpret data
— Interact with NRC on LOCA rulemaking in 2005-2006

— Develop technical report to support revisions of LOCA acceptance
criteria

25 Fuel Reliability Program

Japan-March 2005
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Session 1-2

Fuel Safety Research at EDF

Nicolas WAECKEL EDF — SEPTEN 12-14 Av Dutrievoz 69628 Villeurbanne CEDEX
FRANCE nicolas.waeckel@edf.fr
Tokyo, FSRM 2005

Fuel Management Schemes licensing process in France

In France, the licensing process typically involves a specific Fuel Management Scheme for a type of
Nuclear Power Plants (NPP). A Fuel Management Scheme usually includes a specific fuel product and
a set of design analysis methodologies. There are currently 3 types of operating NPPs (900Mwe, 1300
Mwe and 1450 Mwe NPPs). The new EPR (European Pressurized Reactor) will be built in Flamanville,
north west coast of France, to be operational in 2012.

Three main Fuel Management Schemes are currently undergoing licensing:

- MOX Parity for the 900 Mwe NPPs featuring 3.7% U02, equivalent 3.25% MOX fuel, M5
cladding and discharge burnup of 52GWd/TM (Fuel Assembly (FA) average). The key
challenges to address are the MOX behavior in transient conditions including the FGR, the
helium release, the End-of-Life rod internal pressure and the source term.

The license is expected to be approved by mid-20086.

- Burnup extension to 62 GWd/TU (FA average) for the 1300Mwe NPPs featuring 4.5% UO2
fuel, M5 or optimized ZIRLO claddings, flexible 15 to 21 months cycles. The key issues to
address are the transient behavior (RIA, LOCA and source term) of the fuel and the fuel
assembly structure at high burnup.

The license is expected to be approved by mid-2008.

- EPR Fuel Management Scheme to 60-70 GWd/TM (FA average) featuring 5% enrichment
doped UO2 fuel ( no PCl-related operational constraints), MOX as an option, M5 cladding and
flexible 12 to 22 months cycles. The key challenges are the qualification process of the doped
fuel at high burnup (steady state and transient, RIA, LOCA and source term), the related
models and methodologies.

The license is expected to be approved by 2011.

Safety related experimental programs

RIA, LOCA and Source-Term issues are addressed using integral tests (e.g. CABRI) and separate
effect tests. The experimental programs are aimed to provide the codes and models with relevant data
to validate and qualify them.

The current RIA empirical safety domain has been extended to 62 GWd/TU (FA average) and will be
replaced with an analytical fuel failure limit based on the mechanical properties of the cladding (Critical
Strain Energy Density : CSED) similar to the one developed within the Fuel Reliability Program. EDF
has recently performed a theoretical work to improve the relevance of the mechanical property data by
correcting the raw data to account for the anisotropy, the biaxiality, the strain rate of the material and
the tests. With this new approach to treat the data, the RIA failure limit can be defined using a
convincing lower bound of the mechanical property tests data base.

In France, the LOCA limits are currently based on the behavior upon guench of the cladding. To
address the high burnup related issues raised in the international arena, various separate effect tests
have been performed. The tests include the study of the pre-transient corrosion/hydriding impact on
high temperature oxidation, the ballooning and burst behavior (including measurement of the phase
transformation kinetics as a function of H), the post-quench mechanical tests (including ring
compression tests, 3 points bend tests, impact tests on pre-hydrided unirradiated samples), the study
of the impact of steam pressure on the oxidation kinetics (to address the small break LOCA conditions),
specific annealing tests on high burnup fuel pellets to quantify the source term, eic...

To complement these tests, theoretical work has been conducted to eventually move from a
post-quench ductility based criterion to a strength based criterion. To avoid any debates concerning
the ability to calculate the impact loads during post LOCA events, the load the cladding should
withstand after a LOCA to ensure long term coolability might be related to other accepted design
safety limits (e.g. the buckling of the FA grids or the maximum deflection allowed by the FA to FA gap

closure within the core vessel).
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On-going licensing issues in France

Three main files currently under a licensing process
« MOX ﬁﬁ?é%y (900 MWe, 3.7% UO2, eq. 3.25% MOX, 52GWd/TM
FA av.)
» lssues : transient behavior, FGR, EOL Rod Internal Pressure
» Approval expected mid-2006
+ Burn-up extension to 62 GWd/TM (1300 Mwe, 4.5 % UO2,
15-21 months cycles)
» lssues : FA behavior, RIA and LOCA criteria
» Approval expected mid-2008
« EPR Fuel Management (5% U02, 12-22 Months cycles, No
PCMI operational constraint, 60-70 GWd/TM)
» lssues : doped fuel qualification in transient
» Approval expected in 2011

FSRM, Tokyo Japan March 2, 2005 -2-
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RIA related Research

The current empirical Safety Domain has been extended to 62
GWd/TU (FA average)

~ AH <80 cal/g, LH/2 >30 ms, Zr02<100um
Develop a new Analytical Failure Limit : CSED or AH =f(Burnup)

- Improved analysis of the mechanical property data base used to
define the failure limit

Participate in CIP (Cabri International Program)

Develop separate effect to address post-DnB cladding behavior

Develop new separate effect tests to scale the behavior of the fuel
pellet during rapid transients

- Avoid running integral tests for each type of fuel

- ldentify the key parameters needed to optimise new fuel types (doped
U02 and MOX fuel)

FBRM, Tokyo Japan March 2, 2005 -3-

LOCA related Research

Separate effect tests on pre-hydrided samples to qualify new
~claddings

— Burst, constitutive laws, phase transformation diagram
— Oxidation kinetics,

~ Failure upon quench, post-quench mechanical tests (ring compression
tests, impact tests, 3 points bend tests)

Separate effect test to study high temperature oxidation under
high steam pressure

— To address small break LOCA issues

Separate effect tests to quantify the source term for high burnup
fuels (UO2 fuel, MOX, doped fuel)

LOCA criteria at high burnup
— International effort
- Cross check tests with ANL LOCA test program
— Calculations and alternative strength based approach

FSRM, Tokyo Japan March 2, 2005 -4-
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A new approach to correct the
Mechanical Property Data used to define the
RIA failure criterion

Theoritical work by Sylvain Leclerq and Gérard Rousselier (EDF-
R&D) o be presented at the ANS LWR Reactor in Oct 2005)

FARM, Tokyo Japan March 2, 2005 -5

Clad Failure Model for PCMI Conditions

« Strain Energy Density (SED) is a
measure of loading intensity on the
cladding

- SED is a calculated response parameter,
based on integrating stress and strain

strain

F AR
#

> Critical SED is a measure of cladding e
failure potential or cladding residual / CSED
ductmty

-1 is determined fro
vanical Property ~

strain

-
ch

égg
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The Mechanical Property Tests data base
includes various type of tests

Program ~ Fuel Max. Bu Max. Fast Range of Oxide | Temperature Strain Rate
TYPE OF TEST Type {GWditl) Ftuenge Thickness Range {isec)
(nfem’) {um) {K)
ESEERCO Hot Cell Program on Zion Rods
Burst| 15x15 | 49 [ eaxt0” | 4525 | 588 | 2xi0°
ABBCE-DOE Hot Cell Program on Fort Cathoun Rods
Burst | 14x14 | 53 8x10%" |  30-50 588 | 67x10°

EPRI-B&W Hot Cell Program on Oconee-! Rods

Axdal Tension

Ring Tension |  15x15 25 5%10%" <20 616 8x10°
Burst
EPREABBCE Hot Cell Program on Calvert Cliffs-1 Rods
Axial Tension 24 - 1107 313-673 4x10°
Ring Tension | 14x14 68 12x10% 24 - 115 573 4x10°
Burst 36-110° 588 6.7x10°
ABBCE-DOE Hot Cell Program on ANO-2 Rods
i i 24 - 46 313-673 4x10°
A ?egui;:; 16x16 58 12x10° 2446 568 7%10
EdF-IPSN PROMETRA Program
Ring Tension | 17x17 [ 63 ] 103107 l 201207 . 298-673 ? 01-5
Nuctear Fuel Indusiry Research Program-iii
Burst] 15615 | 81 | oxi0™ | 40-110' | &73-623 | 5d10° g

*. Several samples were obtained from cladding with spalled oxide layers.

Critical 8train Energy Density, MPa

FSRM, Tokyo Japan March 2, 2005 -7-

Problem : the Mechanical Property Test data
has large scatter

Best Fit, Non-Spalled, and Spalled Data for " . H
CSED vs. Oxide/Cladding Thickness Ratio Scatter is m.o_re related
Data from CC/ANO-2, Prometra, and NFIR to test conditions and
specimen design
. / O AxialTension 300C | artifacts rather than to
e 7 Axial Tension 400 G } i il
o Ri:;g Tension 280 - 400 C | material variabil ity
& Burst 300 - 350 C |
o N Data base includes
40- 5 -Axial Tension Test,
-Ring Tension Tests,
20 & -Burst Tests
o & g p—
20 & o
. ] Correction factors
Ba . e - have to be applied to the
b eaen °
o Note: Solid symbols are spalied date & é rrrrrrr ’% rav‘{ data t{) aCGOUﬁt f{)r the
000 oo o1 s 020 ops Various test conditions

Oxide/Cladding Thickness Ratio

FERM, Tokyo Japan March 2, 2005 -8-
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Critical Strain Energy Density, MPa
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gy

Best Fit curve has been first used to define
the failure limit

A

EPRI defined a first set of o
correction factors (RIA Topical ¢
Report June 2002) = ™
CSED (Mpa) © \\__,__
o 3 X &
E.? 100 F : : ° 4
Y MOX REPNa-7
§ 50 - 7 \\
~ B 0 ool bbb ] +
<2 *;f 0 10 20 30 a0 50 50 70180 90
{ i

Rod Peak Burnup (GWdiLl {
EPRI showed that using a
— >best-fit CSED curve is

E justified when compared with

failed-unfailed RIA database

0.28

B A" S .
@ P

Note: Selid symbols are spalled data

010

Oxide/cladding Thickness ratio

0.00 G.05 n1s non

FSRM, Tokyo Japan March 2, 2005 -9~

A lower bound CSED curve would have been
more convincing than a best fit CSED curve

Best Fit, Non-Spalled, and Spalled Data for
CSED vs. Oxide/Cladding Thickness Ratio
Data from CC/ANO-2, Prometra, and NFIR

This point has been

60

50 -

<

ju]

[

Fed

Axial Tension 300 C
Axial Tension 400 C
Ring Tension 280 - 400 C
Burst 360 - 350 C

raised again and
again by the
Reviewers of the RIA

——— Best Fit to Non-Spalled
-~ - Best Fit to Spalled

Topical Report

Question : Can the
analysis of the
mechanical property

o data base be improved ?

Note: Solid symbels are spalled daia )

0.00 0.05 0.10 815

Oxide/Cladding Thickness Ratio
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The Mechanical Property Tests are not
representative of the in-reactor conditions

} & {residual strain ratio) versus stress ratio
Plastic

gzz lebo o . BTICKING CONTAZ
- 09 | Mechanical )contacr
ig gg @{{3;}@(‘{3{ ;Z; i I A N :
BPyS Tests REP-Ha3 Prototypical
o 05 domain I N e B ~in-reactor
[ R — Az g RIA loading
® : conditions
g HEP-NS
g

0,75 i

__ Biaxiality factor 6zz / ¢06

FERM, Tokyo Japan March 2, 2005 -11-

Homogenize the data base and make it more

representative

F’!;s e {residual straln ratio} versus stress mtV"“
t

gzz 1 €00 & ; STICKING COPPACT  ffmmcumonns

0o Mechanical | coudaer d”
el M s iy s sy
% on propery NS B A o
. RICTION )
§ o7 tests PR S nEpas i Prototyp!;;ﬁ
oot domain )/ < in-reactor
£ 04 N{\ - ,4/ RIA loading
IR Rt I N Ve G conditions
"g‘ Hirtteat ] , —
A correction factor K is

defined for each type of
fes??corrected: E??test

%f"f 0.5 0,75 1

Biaxiality factor 6zz / G066 | RIA (biaxial | | Mechanical
\_ | condiions) | @ Property Test

\‘\’»
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EDF approach

@

Select the most relevant Mechanical Property Tests of
the data base

- Axial tension test are rejected (not representative of a RIA
loading)

* Homogenize the data base
— Define a correction factor for each type of test

— Account for the strain rate (it varies from 2.10°t0 5 51 |
depending on the test)

— Account for the anisotropy and the specific property of the
cladding

» Use a Hill Equivalent Strain Tensor
Calculate the CSED of each test of the data base
Define the lower bound as a fonction of oxide thickness

&

@

FSRM, Tokyo Japan March 2, 2005 -13-

The Correction factors are determined
using Fan & Koss data

N New Correcltion | etxoss

Equivalent strain ~ factors for Burst
at fa”ure i TeStS + Traction uniaxiale

4 ® : = Déformation plane
‘ ‘3\\\ i ) !
*\\\ e 1,0337¢ %000 A Equiblaxé
® ~ R’ = 0,7665
0.8 \ - Correction traction uniaxiale

&

¢ @ —s— Correction de Koss selon EPRI
0.6 -
- -0 B507x
\ - y= 02’60248 ° @ Correction pression inferne
= R = 0,8334
0.4 ® - e X pONENE @] (CoOtyection traction

uniaxiale}

Déformation équivalente 2 rupture

e

e EXpONENtiet (Correction pression
inteme) :

EPRI Correction
factors (RIA
Topical report) for | a0 400 500  s0 700

all the tests x dhydrogene (ppm) H content (ppm)

New Correction
factors for Ring
Tensile Tests

FSRM, Tokyo Japan March 2, 2005 -14-
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The CSED are higher after applying the new
correction factors

Best Fit, Non-8palled, and Spalled Data for
CEED vs. Oxide/Cladding Thickness Ratio

BED (1P

C S E D Data from CC/AMO-2Z, Prometra, and NFIR
(N PA) 60 ~ ~ o Axial Tension 300 C
P - ~ Axial Tension 400 G
P o & Ring Tension 280 - 400 C
480 1 [/ L \t & w0 o Buret300-350C
) i 23 ) o Best Fit to Non-Spalled
380 - % A ower bou nd ! ; o ¢ O Best Fit to Spafled
of the g 8 '
i @ o
o 3 Q o
90 Experimental | £
i - % -~
o . CSED is defined | 2
. [
4 T e ~'"’/ &
20 4 5
O
150 \ . i»z\»ﬁ% g
AN \ o bate” Sotd symbols ae spated dale & e T
. 3 : 7 . )
10 1 : ‘X . 000 0.05 010 018 0.20 0.25
AN “\ 4 Oxide/Cladding Thickness Ratio
£
50 AR .
N\ :
0

003 anon 4000 G050 B Er ey 120 06 jEnjue

Zr02 thicness (um)

FSRM. Tokyo Japan March 2, 2005 -15-

The RIA failure limit based on the corrected
CSED (lower bound) is...

60 ™ " 5
O REPNa2 ... consistent with the RIA
o .. integral tests results
' (including REPNa 7)
g
= 30
% _
© REP-Na6 :
20 T UOREPNas
OREP-Nab EP-Na7 CiPo-1
© | REPaatio ACIPO2 REPNAZ o e Nad
j ﬁ REP-Na10 REP-Na$
0 - ; ; : :
0 20 40 60 80 100 120

Oxyde thickness {um)

{F(I?P-Na 8 8 10 = spalled cladding |

FBRM, Tokyo Japan March 2, 2005 -16-
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LOCA limits at high burnup

Are the post-quench ductility tests
appropriate ?

FSRM, Tokyo Japan March 2, 2005 -17-

Performance based approach (US-NRC)

» Maintain coolable geometry : basis for the LOCA criterion
->» keep the fuel inside the cladding
->» don’t let the cladding fragment or break in several pieces
->» need some ductility ( = how much is enough ?)

-» limit Temperature and Oxidation (PCT and ECR)

FSRM, Tokyo Japan March 2, 2005 -18-
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Post-quench ductility or strength ?

¢ NRC chose a zero-ductility limit to ensure long term
coolability

— Did not want to calculate any post-LOCA event loading (too
complex)

— Potential loadings are mainly impacts (transmitted by the grids
to the rods) and rod bowing as a result of FA distorsion

« A way other than post-quench zero ductility might be
needed to demonstrate long term coolability.

* Proposal : bound the potential loadings by another
design limits

— Assess the maximum loadings expected when other design
limits are reached, e.g. :

» Grid buckling
» Max rod bow when all the FA-to-FA gaps are closed

FSRM, Tokyo Japan March 2, 2005 -19-

Loads applied to the fuel rods in their grid cells

Static holding forces from the grid springs
-~ Maximum at BOL

Static loading related to the overall deflection of the FA

— Contact forces between the fuel rod and the grid spring and dimples,
within the grid cells

Dynamic forces directly induced by the impact of the grid
against a baffle or another FA
~ Impact forces transmitted to the rod through the grid springs and
dimples
Additional Dynamic forces induced by the elastic
deformation of the grid (due to the impact of the grid against
a baffle or another FA)

FSRM, Tokyo Japan March 2, 2005 -20-
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Fuel rod GCuide Simulated
bundle tubes Fuelrod

Baffle or nexte
FA

To be conservative the
maximum impact force
applied to the grid is
the buckiing '
of the grid

FSRM, Tokyo Japan March 2, 2005 -21-

Assessment of the FA deflection

Row of N Fuel Assemblies d

D

Maximum possible FA deflection :
Deflection = D — Nxd + Gapy,,

D : Core dimension (cold conditions)

d : Grid dimension

Gap,, . additional gap induced by the elastic
deformation of the grids when impacted

FSRM, Tokyo Japan March 2, 2005 -22-
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Synthesis : bonndihg loadings

» Gap Gap G’ap
, kBOL EOL Opm  50um 100 um
. 627N 341N 323N 248N 195N
Total Forces Spring g 40N indl 5N incl. 2 N incl ON  inclON
(including static  stac  siafic | stafic static
initial , 115.7 N 837Ninc. 975N  924Nincl 882N
holdown Dimple incl.s8oN 365N incl. 36 N 343N incl. 33 N
forces) static static | static static | static
26.1 mm 15.9 mm 15.9 mm 15.9 mm 15.9 mm
14 fi. 14 ft 14 ft 14 t 14t
FA Deflection 221 mm 13.8 mm 13.8mm  13.8mm 13.8 mm
12 ft. 12t 12 ft. 12 . 12 ft.
mode 4 mode 1 mode 1 mode 1 mode 1

* Maximum force applied to the rod (BOL conditions) :

120 N =80 N static+ 30N in45ms + 10 Nin 3 ms
» Overall max FA deflection :

26.1 mm (corresponding to < 4 Mpa (axial stress) or 55 N (axial force)

FSRM, Tokyo Japan March 2, 2005 -23-

Conclusion : what could be a strength based
post-LOCA tests like ?

+ Based on the grid buckling design limit
~ Post LOCA diametral compression test (RCT)

» The sample should survive a ~120 N loading
~ Post LOCA impact tests

» The cladding should survive a ~0.08 J impact
« Based on the maximal possible FA deflection
- Post-LOCA axial tension test
» The sample should survive a ~55N load

FSRM, Tokyo Japan March 2, 2005 -24-




JAEA-Review 2006-004

Irradiated post-oxidation and unirradiated prehydrided
post-quench ring compression tests

JEls—
i+ MB Rebinsen i R oot -
000 + ¢ Asimadioted - 135 °C
' i As-irradiated - 20 °C
= Assirradiated - ne ZrOZ - 20°C ,’
2 800 ~ K
Z, .
g } 2
“ &
w600 - 3 “
E s N § ot
B 400 4 ,_} o ! . %
Strengih
200 . imit wo v s w s o wen e e
&0 - o IS
s o womi v SR —
0 v -
4 & ¥ H
¢ ¢ ¢ ¢ ¢ o ‘ B & gy

ECR P (%)

CEA-EDF-FRA
ANL Results : DEZIROX Results

As-irradiated defueled Zr4 ‘ As received pre-
cladding hydrided Zrd (600ppm)

FSRM, Tokyo Japan Merch 2, 2005 -25-
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Session 1-3
IRSN R&D STUDIES ON HIGH BURNUP FUEL BEHAVIOUR UNDER
ACCIDENTAL CONDITIONS
J. Papin

Institut de Radioprotection et de Siireté Nucléaire
Direction de la Prévention des Accidents majeurs

The optimisation of the fuel management strategy in the French PWRs as foreseen by the
utilities with burn-up increase for UO, fuel and large introduction of MOX fuel, created the
need for new investigation of fuel behaviour under design basis accidents such as loss of
coolant and reactivity initiated accidents. Within this framework, IRSN has launched R&D
studies in these two areas in order to get bases for assessment of new safety criteria,
evaluation of safety margins and development of computational tools.

Concerning LOCA matters, an extensive state of the art and the new results from foreign
experimental on-going programs, allowed to identify the main pending questions which are
the impact of the fuel relocation in the ballooned areas on the clad temperature evolution and
oxidation rate, the secondary hydriding, the clad mechanical behaviour during the whole
sequence and the coolability of an irradiated bundle (maximum blockage ratio). In parallel to
the interpretation of the available experiments, the development of an advanced analytical tool
1s envisaged (3D multi-rod).

Concerning RIA, after the REP-Na programme (1992-2000) in the sodium loop of the CABRI
reactor, the CABRI International Programme (CIP) Jaunched under OECD auspices with a
broad international cooperation and partnership of EDF, is now underway.

The CIP aims at providing, under typical pressurised water reactor conditions, the necessary
knowledge for assessment of new RIA related criteria for advanced high burn-up UO, and
MOX fuels.

The first two reference tests CIPO, have been performed in 2002 in the existing sodium loop
with UO, fuel at 75 GWd/t and advanced claddings (Zirlo ENUSA rod, M5 EDF rod) and did
not led to rod failure (maximum fuel enthalpy of 90 cal/g). The general objectives of the other
test series are the following:

- CIPQ : qualification test of the water loop (checking of the absence of artefacts, study
of post-boiling rod behaviour)

- CIP1 : test in the water loop with rod failure and comparison to REP Na basis

- CIP2 : study of very high burn-up rods behaviour (85 GWd/t)

- CIP3 : understanding of the physical phenomena : influence of power pulse width
(10ms/30 ms) depending on clad corrosion level, effect of initial power level, post-
failure phenomena, irradiation history, advanced fuel micro-structure

- CIP4 : study of high burn-up MOX fuel

- CIP5 : open tests (VVER, BWR fuels ?)

The precise definition of the tests is based on quantitative studies using the SCANAIR code.
In addition, the mechanical characterisation of the advanced claddings (Prometra program for
Zirlo and M5) is underway, including high temperature hoop tensile and Penn-State tests.

A program aiming at the study of the fission gas dynamic behaviour for UO2 and MOX fuel
(impact on clad loading, FGR kinetics) has been proposed for performance in NSRR in
cooperation with JAERI.

The complementarity of the CIP and ALPS programs regarding pulse width and coolant
conditions should provide valuable knowledge on fuel bahaviour under RIA conditions.



JAEA-Review 2006-004

IRSI

IRSN R&D STUDIES ON HIGH BURNUP FUEL BEHAVIOUR
UNDER ACCIDENTAL CONDITIONS

=Y 3 g Yime (s

Bro B os B ene

J. Papin
Institut de Radioprotection et de Sareté Nucléaire
Direction de fa Prévention des Accidents Majeurs

Fuel Safety Research Meeting, March 2nd-3rd 2003, Tokyo |

THE LOCA AND RIA STUDIES
Context and Objectives :

v Fuel burn-up increase and use of new products { advanced claddings, MOX,
doped fuel,...}

v Need of providing knowledge on U02 and MOX irradiated fuel for :
< checking/evolution of safety criteria
+  Evaluation of safety margins
»  Physical understanding, modeling, validation of calculational tools

The LOCA studies
The CABRI program and CIP tests definition
The Scanair modeling : stalus and future work

Fuel Safety Research Mee?ing, March 2nd-3rd 2003, Tokyo 4
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IRSI]
IRSN LOCA STUDIES AND PF

SR

v Experimental programmes performed to adress clad oxidation and
quench resistance :TAGCIS, TAGCIR, HYDRAZIR (hydrided cladding)

v In-pile tests PHEBUS-LOCA (1980-1984) with fresh fuel in bundle
geometry (25 rods, LB)

v State of the art performed (2000-2003) relative to:
- clad ballooning-failure-fuel relocation-blockage,
- coolability of blocked regions,
- oxidation-guench-post-quench loads resistance

Fuel Safety Research Meeting, March 2nd-3rd 2005, Tokyo 3

IRSN LOCA STUDIES AND PROGRAMME

LOCA Pending Questions :

- Impact of fuel relocation on PCT, ECR, secondary hydriding (ANL, Halden tests,
possible in CABRI facility)
Cladding mechanical behaviour under LOCA conditions including PQD

- Coolability of irradiated bundles : maximum blockage ratio with impact of fuel
relocation

IRSHN R&D programme under elaboration :
- Development of advanced analytical tool (3D multi-rod)

- Interpretation/analysis of the available tests underway (Halden, ANL, JAERI)
- Definition of associated experimental basis for providing lacking knowledge

Luel Safety Research Meefing, March 2nd-3rd 2003, Tokyo 4
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ist step 1 CABRI REP Na programme (sodium loop, 12 tests)
PCMI phase, rod failure threshold and mechanism, fuel ejection
conditions
(1992-2000 with EDF cooperation + US-NRC support)

and step : CABR! internationsl programme-ClP {pressurised water loop)
{started in 2000)

in parallel : SCANAIR code development, separate effect tesis programmes
for clad mechanical characterisation, clad fo coolant heat fransfer , fission
gas dynamics.

Fuel Safety Resecrch Meeting, March 2nd-3rd 2005, Tokyo

oas

12 tests
Burnup 28 to 66GWdit, Cladding: Zr4, M& (Na11)

Hot zero power RIA simulation {Tintet conlant=280°C)

W it (XX

REP Na 2-3-4-5-11 REP Na 9-Na8-Na7-Na12

g
33, 53, 62, 64, 63 GWdlt 28, 47, 55, 65GWdt
MOX T
D OMOX
. g L2 desq
U0Z spalled cladding | Ut
REP Nai-Nag-Na10 # Falfed rords

64, 60, 62 GWI/

Fuel Safety Research Meeting, March 2nd-3rd 2003, Tokyo
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MAIN OUTCOMES OF THE CABRI REP NA PROGRAMME

fosavned
2 &
W
ey

v Need of evolution of present safety criteria (rod failure with fuel ejection at
low enthalpy level : 30-113 callg)

REP Na8 clad

v" Enhanced risk of rod failure due to high corrosion at PPN

level with hydride concentration
(in reactor oxide spalling, rim)

v Contribution of fission gases from si;;*am boundary (fuel fragmentation, c!ad
loading and fission gas release increasing with burnup), j

especially in MOX (heterogeneous microstructure due to Pu rich zones)

v Influence of energy injection rate : failure and fuel dispersion risk R S
increased with short pulses REP Na6

pellet
. . . R periphery
v Transient oxide spaliing influencing clad to coolant heat transfer

Frel Safety Research Meeting, March 2nd-3rd 2005, Tokyo

SIl

Objectives :

THE CABRI CIP PROGRAMME

» Advanced fuel (UO2+MOX) behaviour under RIA conditions in fully typical
conditions (fuel, pulse, coolant conditions : 155b, 280° C)

» Data acquisition for :
- Bases for assessment of new RIA criteria,
- Understanding and modeling of physical phenomena, SCANAIR validation
- Evaluation of safety margins

The Programme 14 pariners, 11 countries

» 12 tests : 2 in the sodium loop(CIPO, 2002) + 10 in the pressurised water loop
> Mechanical characterisation of advanced cladding (Prometra tesis)

.

> Complementarity with the NSRR/ALPS programme : use of twin rods in different
conditions (pulse width, coolant conditions)

Fuel Safety Research Meeting, March 2nd-3rd 2003, Tokvo
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PENDING QUESTIONS AND PHYSICAL
PHENOMENA TO BE STUDIED

Glad failure conditions in pressurized water environment

Rod behaviour after clad heat-up (boiling crisis onset, clad creep, FGR, fuel

swelling)

\4

Post-fallure phenomena : ejection of fragmented solid fuel, fuel/coolant

interaction

» §§“§égm{‘£ on phenomena of : energy injection rate ( pulse width), clad corrosion,
fuel micro-structure, initial power level, rradiation history,

5
i

Fi
ki

CIPZ series

CHS series

sion gas dynamic behaviour for U002 and MOX; impact on clad loading, FGR
elics 1 program proposal in NSRR in cooperation with JAER!

Fuel Safety Research Meeting, March 2nd-3rd 2005, Tokyo ‘ 9

[d THE CIP TESTS

» Advanced UO2 fuel rods (CIP0-1 and CIP0-2 in Na loop)
t : Post-boiling phase (WL qualification test)
s Link with REP Na data /rod failure +posi-failure phenomena

s Impact of very high burnup (U02 ~ 85 GW(dit)

- pulse width {10/30ms]) influence,
- irradiation history influence

- advanced fuel microstructure

- RIA at intermediate power level

: MOX fuel at high burnup : influence of microstructure

ies : On going discussion on BWR, VVER tests

Fuel Safety Research Meeting, March 2nd-3rd 2003, Tokyo 10
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The CIP0 Tests

» CIP 0 : 2 reference tests in the sodium loop, UQ, fuel ~75 GWijlt,
Zirlo (CIP0-1) and M5 (CIP0-2) claddings, 30ms pulse width

>
No rod failure for Hmax~ 90 callg (CIP0-1), 80calig (CIP0-2)

Scanair calculations :

LD CiPB2

Legenid: P —
Max. sxpen ] Kox sxperimentat resuls: 827 +4- 0.03%

Per, SUANAL Fae. SCANAIR cofouiation: BIE - 0.01%

Desquamation transitoire CIP0-1

Fuel Safety Research Meeting, Mavch 2nd-3rd 2003, Tokyo T

CIPQ test definition

CiPQ : Water loop qualification test ;
» verification of absence of artefacts linked to test device
* rod behaviour after boiling crisis +comparison with REP-Na for PCMI phase

Based on Scanair studies
Twin test of REP-Na 6 (MOX 3 cycles-47 GWdlt, 156 calig Einj, 35ms )
- minimised risk of failure before boiling

ETH FPRE S a 1200, 240 D\IIER k122 ] .
- H Boiling crisis in the range 80-120 calig I T T
= Dry-out duration : - g

B

several seconds , allowing post-BO clad deformation

E 3§ SR
BEVATIOE tern) :

" Hortsie of PRLAIE oot/

. [
BEEENE AR L M X -5 N4 a8

CLAD CUTER TEMPERATURES
S_IOXSeyolne.spand SCANAIR V4.3 »

TWE tay
L 2 S SR S S

TIAP OF PUST BURN-QUT REGION
S 10X 3oyoles.spand SCANAIR V4.3

Fuel Safety Research Meeting, March 2nd-3rd 2003, Tokvo
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CIP1 test definition

CIP 1 failure conditions : comparison with REP-Na

If unexpected differences

. (REP Na 6 cond.,span 3} > (M8}
CiP1.1,

REP Na 7 cond.
{30ms pulse)

Fuel Safety Research Meeting, March 2nd-3rd 2003, Tokyo 13

CiIP3-1 et CIP3-2 tests

Objective: influence of a fast pulse (10ms/30ms) on failure + post-failure phenomena ,
depending on clad corrosion

CiP3-1: high corrosion, j
twin of CIP0-1, \ Absence of fuel
{puise 10ms) dispersal

Fuel dispersal

CIP3-2 ; low corrosion,
span 3 of CIP0-1 type
rod

CiP3-2 - twin REP Na7,
pulse 10ms

Fuel Safety Resecrch Meeting, Mearch 2md-3rd 2005, Tokyo
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?é PRESENT CIP TEST MATRIX
SERIES | TESTN® OBJECTIVES/DESCRIPTION TEST ROD COMMENTS
CIPO-1 U02 75 GWJIt, Zirlo clad
Reference tests in Na loop, {Vandellos,Spain) Tests realized in 2002
CIPO | cipop | Pulse 30ms, Edep 100callg U2 77GWJIt, M5 clad F NSRRALES
(EDF-Alix 6 cycies)
1¢ test in WL
CIPG CIPQ Qualification test of the WL Span 3 of REP Na6 (MOX- corznpar]isio? ;Nith REP Naé
Activation of post-DNB phenomena | 3cycles, Zrd, EDF) {phase initiale)
Link with REP Na database / Twin REP Na7 (MOX- Comparison with REP Na?
P failure, post-failure (pulse 30ms) 4eycles, Zrd)
_§CiP
{CIFP1-2) Link with CIPO If unexpected Twin GIP0-2, U2 77GWJHt | Option depending on CIPQ
differences CIPQ/REP Nag M5 (EDF) results
U02-85GW.J, M6 (EDF Référence
2.4 Alix7 cyc!es}° Lk with NGRR/ALFS
Impact of uitra high burn-up on
o failure risk - o
cip2 Uu02z-85 GW.JH, Zirlo Fuzi wgh large grain scljzs, tesff
ander discussion candidate for
(CiP2-2) (Vandellos) CIP3, Link with NSRR/ALPS

Fuel Safety Research Meeting, AMarch 2nd-3rd 2003, Tokyo

15
\ % ég PRESENT CIP TEST MATRIX
SERIES | TESTN® OBJECTIVES/DESCRIPTION TEST RODS COMMENTS
uoz2 75 GWJ/t, Zirlo | Comparison with
o Impact fast pulse {(10ms) + high corrosion ; | (Vandellos, span §) twin | CIP0-1 (pulse 10/30ms)
rod failure, post-failure phenomena, fuet | CIP0-1
dispersal
CIPS MOX 4 cycles, Zrd
Fuel dispersal (if not obtained in CIP3.1), | (EDF), twin REP Na7
10ms puise Choice of objectives
depending on
CiPs-2 CiP3-1
Uo2 75 GWJIt, Zivlo
Impact fast pulse (10ms} + low clad | {Vandellos, span 3) twin
corrosion (fuel influence) CiPo-1
MOX.E, M5, Heterogeneous structure
CiP4-1 ~65 GWJ/t (EDF) Link with NSRI/ALPS
Impact of MOX micro-structure
CiP4 MOX-SBR-BNFL, Zr4, | Homogeneous tructure
Cipa-2 ~60  GWJA  (Beznau, | Link with NSRR/IALPS
Switzertand)

Uinder discussion ; simulation of RIA al intermediate initial power , study of new fuel microstructures,
impact of rradiation history, open tasis (BWR, VWER)

Fuel Safety Research Meeting, March 2nd-3rd 2005, Tokyo
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Clad Mechanical Characterisation Programme
PROMETRA

Objectives : provide the stress-strain laws ( hoop tensile tests and their
interpretation) and failure data (Penn-State + burst tests)

The

v Extensive data base for irradiated Zrd (cf SMIRT-15 1999, ASTM-2004)

v Advanced cladding M5, Zirlo
- 12 hoop tensile tests : 280, 480, 600, 700, 800° C at 1/s+ 480° C at 0,01/s

(high T tests with induction heating)

- 2 burst tests :T=280° C, 0.0025/s
- Penn-state tests with irradiated ?
fo be performed end 2005 Py
(280, 480, 600, 800° C at 1/s)

Zirlo
M5
tuel Safety Research Meeting, March 2nd-3rd 2003, Tokyo 17
The SCANAIR Modeling (1/2) :
V&E%(ﬁi’iﬁi}ﬁ f}ﬂ %ﬁ%ﬁ %a ié@%ij@ Therma[ Fig. 31. Na roax, terperatures. comparison between SCANAIR

catcuirtions and measuremeants (UO; + MOX tests).

52

Mechanical Fission gas release

12 g

o

fewiacisng

Fig, 32 Tame Hmaximum N3 lempaIatirs s COMpBArisnn betwasn
and {UO; + MOX tests),

B3 v
s
5
exp ) r-?f"»!f": it h 15 22 34 4t
exp. resulue (3

5 E 5%
Gnp. weauize i

Frel Safety Research Meeiing, March 2nd-3rd 2005, Tokvo
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The SCANAI

Recent developments :

» PCMI failure probability based
on fracture mechanics
» Clad to coolant heat transfer
based on PATRICIA experiments ( ref FSRM 2004) ... |
- impact of Zr02 layer : not investigated
~ validation on NSRR tests to be performed

Future work

» Post-boiling crisis behaviour : clad creep i
> Fuel creep : MOX fuel (REP Na6/Na7) \
» Post-failure phenomena: fuel ejection, o -

channel pressure build-up |

Fuel Safety Research Meeting, March 2nd-3rd 2005, Tokvo

CONCLUSION

* - Need of an advanced tool taking into account detailed thermal and thermo-
mechanical rod behaviour for LOCA prediction

* Important knowledge for understanding and modeling of irradiated fuel
behaviour under RIA, provided from the former CABRI REP Na and separate
effect test programs

*  Proposal for fission gas dynamic behaviour study in NSRR with JAERI
cooperation

« CIP program now underway : representative PWR conditions, quantitative
studies for test definition

Complementarity of ALPS and CIP programs is of high interest and value for
RIA study

Fuel Safety Research Meeting, March 2nd-3rd 2003, Tokyvo 20
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Session 1-4
FUEL SAFETY RESEARCH AT JAERI

Toyoshi Fuketa
Fuel Safety Research Laboratory, Department of Reactor Safety Research,
Japan Atomic Energy Research Institute
Tokai-mura, Ibaraki-ken 319-1195 Japan
Phone +81 29 282 5277 / E-mail fuketa@hems.jaeri.go.jp

To pro{/ide a data base for the regulatory guide of light water reactors, behaviors of reactor
fuels during off-normal and postulated accident conditions such as reactivity-initiated
accident (RIA) and loss-of-coolant accident (LLOCA) are being studied at the Japan Atomic
Energy Research Institute (JAERI). The research program at JAERI is comprised of ;

° A series of RIA-simulating experiments with high burnup fuel rods by using

pulse-irradiation capability of the NSRR (Nuclear Safety Research Reactor),

* Separate-effect tests in the NSRR to study specific phenomena observed in RIA fuel
behavior, such as tests with fuel particles in zip-lock in order to study mechanical
forces generation in PCMI failure and tests with artificially-hydrided cladding to
simulate a PCMI failure.

e LOCA-related experiments including rod quench test, tube burst test and cladding

oxidation test at high temperature,

» Development and verification of fuel behavior codes including high burnup fuel
behavior code FEMAXI and newly-developed RIA fuel behavior code RANNS,

* Development of new methods in cladding mechanical testing, such as cladding

fracture toughness measurement and EDC (expansion due to compression) test, and

° VEGA (Verification Experiments of radionuclides Gas/Acrosol release) program to
understand mechanisms of radionuclides release from fuels under simulated severe

accident conditions.

The presentation gives an outline of the above research activities. Regarding the RIA study,
in particular, recent proposals of the regulatory criteria for high burnup fuels are also

discussed.
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This presentation will cover;

v Outline of JAERI research activities on fuel safety, including;

- NSRR/RIA-simulating experiments with high burnup LWR fuels,
= T. Sugiyama, H. Sasajima

- Separate-effect tests in the NSRR for hydrided-assisted PCMI failure
and post-DNB/post-failure events, =» K. Tomiyasu

- LOCA-related experiments such as rod quench test, = F. Nagase
- Development and verification of fuel behavior codes,  =» M. Suzuki
- New methods in cladding mechanical tests, = N. Ikatsu
- High burnup fuel properties and rim structures = M. Amaya
- VEGA program for radionuclides release

from fuels under simulated severe accident conditions, = T. Kudo

v RIA database and criteria
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JAERT
FERA 2005

The objectives are;

v" To evaluate adequacy of present safety criteria and safety margins,

¥ To provide a database for regulation on higher burnup fuels and
MOX fuels in LWRs, and

¥ To promote a better understanding of phenomena appearing in high |
burnup region and MOX, such as rim-effect and Pu agglomerates in

MOX, and to evaluate those effects on fuel behavior in accident
conditions.

The research activities are being performed in;

v" Department of Reactor Safety Research
* Fuel Safety Research Laboratory
* NSRR Operating Division

v Department of Hot Laboratory
collaborating with Department of Safely Research Technical Support and
Department of IMTR

JAERT
FSRI 2005

Pulse-irradiation with;

-

Fresh rod with artificially-hydrided cladding
to evaluate an effect of hydride rim on a PCMI failure
. . g . % Higher wettability
Fresh rod with pre-oxidized cladding 2 J@\ Y.
to investigate an effect of surface wettability fé k.
on transient heat transfer,
e.g. occurrence of DNB
ATsae‘
U0, powd
Un-claded fuel powders - (Me:zd;i)ar\aN dizineter of 20 to 250 pm)
to assess thermal interactions
between fragmented fuel pellets
and coolant water after PCMI failure o R
in high burnup fuels Egg@fhwe”e
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JAERT
FSRA 2005

4

[ Integral thermal shock test ]

Rupture "
il :
5 Load Ce;,; Restraint load s

control system

Temperature

\ g ﬁWGrabbing device
\ ] .
i{t:iae:n == Possible fracture
i during quenching
. e
Time
5ﬁ H H
Irradiated cladding
Infrared . ® A Survived & Fractured
furnace § Unirradiated cladding
O Survived @ Fractured
, 14 @
("Equipped on O b P LN (@
tensile testing o0 o e @
machine A Q&O (@]
10 | .
' <=
Steam inlet Flooding water inlet 0 ; .
0 500 1000

v With fully controlled axial constraint Initial hydrogen concentration (ppm)

®

[ Tube burst tests ] { Oxidation test at high temperature }

f Ring Compression tests ]

Ring compression test is simple and can produce
numerous data, but Fractured?
i

> Well-defined ‘Zero-ductility’, and

b Standardization of test methodology
are needed.
With flat surfaces  With dented surfaces

Load

At quench

Displacement

JAERI LOCA-database
(pellet burnup: MWd/kg)

Data at higher burnups
FY2004 until FY2007
PWR  ~80
Uuo,: PWR 48 BWR  ~65

CJAERT
S FsRM 2005
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Fuel behavior code FEMAXI has been developed at JAERI from 1980s,
and FEMAXI-6 for high burnup fuel behavior was released. Upgrade
of the code is being done in terms of rim effect, efc.

Based on the structure of the FEMAXI-6 code, a code RANNS is being
developed for quantitative evaluation on fuel behaviors during RIAs.

19805 f : 3
[ Femaxi-..... | RIA analysis code

RANNS

ISE— E burnup fuel
Burning performance code

analysis code | | FEMAXI-6

T

ggei@a‘.‘;&g .
@_"EA Data Bank {

New models: rim
structure growth, etc. | FAERT
; FErM 2005

JAERT
FSRAF 2005

@

‘\

In order to assess hydrides effect on v Ring-tensile test _
cladding integrity, artificially hydrided with one-side gauge section
cladding samples are being subjected ”
to several mechanical tests.
Hydrogenation was performed in
mixture gas of hydrogen and argon at
about 600 K.

e N
v Fracture toughness measurement
Furnace Ve
Specimen v EDC test
Dl - Expansion Plunger
4 Due to Tube specimen
Compression
. % Plunger
( v Transient tube burst tests ) 9
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VEGA (Verification Experiments of Radionuclides Gas/Aerosol
Release) program is being performed to investigate release of FPs and
actinides from fuels under severe accident conditions.

Temperature up to 3150 K and pressure up to 1 MPa can be achieved
with the apparatus under helium and steam environment. Both of
irradiated UO, and MOX fuel specimens are subjected to the test.

Hot Cell

Cascade
impactor

Y
1) 16T~

i
_I'Lead shield

Fuel specimen
Zem jong {10g)
{3180K, 1.00MPa)

Condenser(273K) Cooled activated

Steam generatorT Helium |

4 Hydrogen | R
~~L~g—-~} Gageous iodine tra carbon{210K)

L JAERT
g Eyrqmertg{; FERY 8005

JAERL
F5RM 2005

International .

v USNRC (ANL, PNNL, PSU, etc.)

v IRSN

v OECD Halden Reactor Programme ,

v OECD-IRSN CABRI Water Loop Project (under discussion)

Domestic
v JNC, JNES, BWR&PWR utilities, CRIEPI, MHI, NFI, GNF

Advanced LWR Fuel Performance and Safety Research Program
performed as a program of METI/NISA
collaborating with BNFL, Framatome, Studsvik, OECD Halden, PSI,
FEPC, MHI, NFI, BWR&PWR utilities, etc.

A study for irradiation-induced material processes
JAERI (managing organization), M. Kinoshita, CRIEPI (program leader)
NIMS (National Institute for Materials Science)
Hokkaido University, the University of Tokyo, Kyushu University
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Test fuels Fuel burnup (MWd/kg) | Number

10 20 30 40 50 60 of tests
PWR (14x14, 17x17) | o6
BWR (7x7, 8x8) 16
ATR/MOX 6
JMTR pre-irradiated 99

v To provide a database for
regulatory criteria regarding failure
threshold, coolability limit, etc.

Key observations
v Hydride-assisted PCMI failure

v Fuel dispersal and mechanical energy generation
v Large rod expansion and fission gas release

Existing data for failure threshold

Test ID No failure] Failure Test 1D No failure] Failure
PWR O ¢  |SPERT,PBF| A &
BWR . B {CABRIUO, | WV \ 4
NSRR ATR/MOX| & ——— |CABRIMOX| ® .
JMTR O @
{ i i i { ] 1
P, 250
*%“f; 1.0
= A
; @ ,
g’ 0.8 (’S) &V 200
X &
% - - 150
m .
o
= 100
5
L
) "
% 0.2 = poMI failure threshold — © o 50
1 determined by NSC of Japan
O i { i | 1 1 } O
0 10 20 30 40 50 60_ 70

Fuel Burnup (MWd/kg)

Enthalpy Increase (cal/g-fuel)

|

NSRR/RIA Experiments with irradiated LWR fuels

JAERE
ESpH 2005

an

C JAERL
FSRM 2005
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IERT ;
et PCMI failure thresholds
in terms of burnup and oxide thickness

niti i @ 057 mm i i B 057 mm

Initial wall thickness A 054 mm Initial wall thickness & 0.84mm
¥ -4- ¥ ! ¥ ] i ‘ T o —i- T } 1 ‘ ¥ ‘ .
o 200 S o~ <200 &
2 800 +oy T3 0FY utRiradiated i
g (&) S # [%]
) - + S [ e e’
= ] o 5 e
= 600 + = = 600 pok . =,
B8 IMTR-irradiated ~ Ol-11 F & O@é 1 ©
?6 - gt «© " ot
o X l TK-7 {100 © > B <100 O
L 400 HBO-54 g 240 ATKT - a2
s e aHBO- §BWR T g} ES\/VR§ i imes| 8
o -2 88 St o B ok
9 200 |- — 1§ 2 200 |- TK-2 HBO-1 1 &
9 1 / o) 3 i B
e PCMI failure criterion in Japan L']—:’ L R

0 ) i A i ) i i i f 0 0 1 3 i 1 I i { 0
200 30 40 50 60 70 0 20 40 60
Fuel burnup (MWd/kgU) Oxide thickness (um)

v Better performance of new design, such as improved corrosion-resistance in
new alloys, can not be reflected to the current criterion.

v Athreshold as a function of oxide thickness includes the corrosion-
resistance only, and requires validation testing for the oxide thickness.

v" Choosing better parameters for ordinate and abscissa axes is being widely
and actively discussed. The bounding condition can be described better with
numerous parameters. Regulatory criteria, however, must look simple.

v' Afinal goal is a regulation with a reliable, mechanistic and well-verified code.

Gap gas ejection v Fuel dispersal and
mechanical energy generation

¢ Database for coolability limit

Median diameter (um)

— 100 50 20 10
Y 1 ! i
~— 1.0} N
o © %g X ) .
©H® @ o O f s $TK2
c = s - PWR (48)
o \ef 6 o
oo e BWR (61) ]
Sttam  © 505 i
generation (% % - JMH-54 7
- ot - JMTR (30) ;
§° | $rko .
= BWR (67) .
OF ; | (bumup‘: M\Nd/kg? -
0 0.02 004 0.06
Specific surface area (m?/g) LO.1mm |
Energy generation Fﬁéﬁgg
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v Post-DNB large rod expansion

Residual Hoop Strain as a function of Peak Fuel Enthalpy

Residual Hoop Strain (%)

v 24.8% at TK-1 and 15.7% at TK-6 with ~0.52 kdig (~125 callg)

Fission Gas Release (%)

o
(@]

[l
[e]

wd
O

e

20

10

Peak Fuel Enthalpy (cal/g-fuel)

20 40 60 80 100 120 140
I ! I I ¥ T T
L PWR: A &ASOGK, ol TK1 .
v
® TK (low-tin) 38 MWarkg
I @ Ol (new clad) ® 1
| BWR: 1 g& TS |
TK-9 38 MWd/kg
- 50 MWdikg @ ]
Pip = 3MPa
N L .
Ol-10
60 MWd/kg o
-, A
- v AvA 7 o ad
} H H i H i
0.1 0.2 0.3 04 G.5 0.6

Peak Fuel Enthalpy (kJ/g-fuel)

JAERL
EShM 2005

v Large fission gas release

Fission Gas Release
as a function of

Peak Fuel Enthalpy

PWR:

A MH, GK, Ol (39-42)
¥ HBO (44-50)

® TK (38-50)

4 Ol (80)

BWR:
® TS (26)
# FK (41-61)

{burnup: MWd/kg)

Peak Fuel Enthalpy (cal/g-fuel)

20 40 60 80 100 120 140

e T T

H 1 H i
HBO-3 (50)

¥

HBO 4 (50) K. ! 38)

HBO-2 (50)
A4

@
A KA (45)
Y &
o bh B FK-3 (41)
= % 0110 (80)
FK-2(45) large-~grain
L § B i i i

01 02 03 04 05
Peak Fuel Enthalpy (kJ/g-fuel)

0.6

Intergranular
bubble '

Rapid expansion
of fission gas
at pulse

T Large expansion

Pellet

Grain boundary {:J&OQ Cladding
separation

85



Anticipated process
of fuel behavior
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RIA
<>

during an RIA

l Prompt increase of fuel temperature |

JAERE
PSR 2005

Pellet

thermal expansion

Rapid expansion of

accumulated fission gas

Il

<> <>

fission-gas-induced

[ Grain boundary separation l

pellet expansion

Post-failure events

Pellet/cladding contact B lFission gas release‘
(gap closure) QJ‘;
e <o+ ) Increase of
o A rod internal pressure
!| Decreased cladding ||PCMI  |: B ettt ARt ;
H ductility due to Loading || || Cladding temperature ' 1 |Fuel Fragmentation| !
| hydrides precipitation m : ‘ increase ! i i
; <> ~ ! Lot + || Thermal interaction | |
; incipient cracking i ' Decreased strength i 1| of fuel fragments )
; in cladding periphery| ! ] of cladding i1 |with coolant water :
: = R —— = = s
) Hydride-assisted ' 1| Large deformation/ballooning | i | | Mechanical energy 5
3 PCMI failure ; i1 or post-DNB failure j ! generation ;

Early phase (Pre-DNB)

HBO-1,-5, TK-2,-7, Ol-11
FK-6,-7,-9,-10,-12

TK-1 (no failure, but 25% strain)
TK-6 (no failure, but 16% strain)

HBO-1-5, TK-2,-7; Ok 11
FK-6,-7,-9,210,-12

Possible Effects of Fission Gas Dynamics on RIA Fuel Behavior @

Clad

Pellet

atan RIA

Prompt gas release i

-

,m_.

 JAERT
FSRM 2005

| Prompt increase of fuel temperat

ure ’

Rapid expansion of accumulated

fission gas

©

Delayed gas release

Prompt gas release
to rod plenum

Prompt increase of
rod internal pressure

Gas-induced pellet expansion
in early stage of transient

Post-DNB increase of
rod internal pressure

=Gas pressure

/N .
Cold cladding

Enhanced PCMI

No gas effect
on cladding

Gas effect
on cladding failure
in early stage

, ressure
2 Gasp

AN
Hot cladding

| Gas effect on
post-DNB failure

JAERT
FSRM 2005
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FGD (Fission Gas Dynamics) test

v To evaluate an effect of fission gas dynamics on high burnup fuel behaviors,
such as PCMI, ballooning and fuel fragmentation.
v To investigate an influence of high burnup structure on the behaviors.

Transient measurement of fission gas release, i.e. measurement of fission gas
release rate, with an accurate detection of pressure increase.

/ T/IC
Pressure sensor
Spacer
laddi
Inner cell Cladding
Fuel
Insulator
: TIC
Outer cell”|
Spacer
Test setup Test setup
Test capsule (segmented fuel) {Fuel disk) -
To be defined and prepared jointly with French IRSN and performed in the NSRR pJafRL

NSRR/RIA experiments

JAERI-T

Experiments on
high burnup UO, and MOX fuels  vSept. 1, 2004
from European/American reactors.

Leibstadt (Switzerland) Rl

Data at higher burnups (peflet burnup: MWWd/kg)
FY2003
VO : ;xg S? :?g until FY2005
PWR ~60 . .
MOX: ATR 30 Until FY2006 | Fuel —
, BWR ~45 Fuc

Test at higher temperature

C@Qiant water temperature

HTHP (high-T, high-P)
from 20 (room temp.) to 90 deg C

286 dag C, test capsule

- JAERT
FsRM 2005



Peak Fuel Entalpty (calig-UO9)
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RIA Guideline (July 19, 1984)
¢ Fuel enthalpy limit (Absolute limit)

¢ Safety design limits (Rod failure threshold)

¢ Mechanical energy generation
at failure of water-logged fuel

¢ Provisional failure threshold
for burnup fuels

RIA Criteria for Burnup Fuels (April 13,19

¢ PCMI failure threshold N

¢ Mechanical energy generation
at failure of burnup fuels

¢ Evaluation on fission gas release,
coolability of dispersed fuels, etc.

Safety Design Limits

JAFRE
FSRA 2005

@D

Threshold of fuel failure in terms of peak fuel enthalpy and fuel rod
internal pressure to prevent fuel failure during abnormal transients
and to estimate number of failed rods during an RIA

Threshold from the NSRR single pin experiments

# 15% reduction due to decreased coolability in bundle

10 cal/g reduction due to uncertainty of the data

@ Lowest peak fuel entalpy that resulted
300 in fuel failure

O Highest peak fuel enthalpy that did not
result in fuel failure

Failure Threshold E
from NSRR Test Data

200

100 |

Acceptable Fuel i
Design Limit <t
Rl

65

i
i
]
i
!
i
i
i
i
i

© .
Ty — i ° I 1 L ) v; )
0 1 2 3 4 5 6

Fuel Rod Internal-External Pressure Difference (MPa)

Peak Fuel Enthalpy {cal/g-U02)

[+%3
[
(=

N

#® Cladding Failure O No Failure

- Single Rod
Geometry
Rod Bundle l
Geometry
l @
00 ® T ‘%}
@
8 o
100 i i i
1 2 120
Water/Fuel Cross-section Ratio
JAERET
FERY 2005
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Fuel Enthalpy Limit

@

Threshold of fuel fragmentation and mechanical energy generation
in the NSRR single pin experiments = 285 callg

% 15% reduction due to decreased coolability in bundle

10 callg reduction due to uncertainty of the data #® 230 callg
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imit to avoid fuel fragmentatlon and mechanical energy @
genera’uon due to fuel melting (C

Max. enthalpy must be less than 230 c:at/g minus enthalpy corresponding
to decrease of melting point due to burnup, additives, MOX effect, etc.
One can ignore the decrease up to 30 MWd/kgU and can assume the
decrease of UO, melting point as 32 degree per 10 MWd/kgU.

Failure of whole grid span containing a pellet with enthalpy higher than
the PCMI failure threshold should be assumed. Regarding thermal to
mechanical energy conversion ratio, a formula identical to that in rupture
of water-logged fuel. Safety evaluation must assume that the PCMI
failure of burnup fuels and rupture of water-logged fuel occur
simultaneously.

ed fuel fraaments accumulated in the bottom of PV

20% of fuels in gnd span containing a pellet with enthalpy higher than

the PCMI failure threshold is assumed to be dispersed and deposited.
Safety evaluation must assume that the PCMI failure of burnup fuels

and rupture of water-logged fuel occur simultaneously. Use Lipinski's
O-dimensional model in dryout evaluation. SJAERL
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@

A criteria have been and are being proposed by industry and

safety organizations in many countries.

v Can be

#1 A

categorized into two regulatory approaches.

coolability limit (an absolute limit of fuel enthalpy) and a fuel

failure threshold. =» Japanese criteria, EPRI's proposal

#2 Only one limit =» French limit, a proposal from USNRC/RES

USNRC/RES proposed an RIA limit in the research information
letter (RIL#0401) to USNRC/NRR. "Without cladding failure,
there can be no fuel dispersal, no damaging pressure pulses,
and no loss of coolable geometry.”

JAERT
FERM 2005

Peak Fuel Enthalpy (cal/g)
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(Courtesy of R. Yang, EPRI)
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A coolability limit and a failure threshold. CTABRE
FSR 2008
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Example of Proposed F

Research Information Letter No.0401 from USNRC/RES (March 31, 2004)

S 300 . ; ; ; |
I #* BIGR
= 250 € CABRI |
%§> BOGR |
&g 200 @ NSRR |
25 A PBF
5 150 SPERT | =
é’ 100 @  PWR&BWR hot RIA
= @
+3 50 T 2 =
% BWR cold RIA
< 0 } i ] !
0 20 40 60 80 100 120
Oxide Thickness (um)
Only one limit, i.e. the failure threshold.
¥ Avoiding fuel failure ensures coolability. JAERT
FERM 200%
JAERT Comparison of Existing and Proposed
Failure Thresholds
(courtesy of C. Vitanza).
200
Lg.x 150 | ’ “ ;:m U, Gw:ot "
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S-HSK & EPRI  --USRIL 0401 ~—PNL Battelle  ~SKI & others

C \/ tanza, OECD- NF/\ Over\fiew f>f Bum L Dependem RIA and L()(,A Crteﬂu ,
Joint CNRA-CSNI Topical Discussion on High Burn-up Fuel Safety Issues, Paris 1 December 2004
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- 112 -
RIA

According to the previous plot, the Japanese criterion established 6
years ago and a USRNC/RES’s proposed last year look conservative
as a failure threshold. The Japanese criterion is just a failure threshold
and applied with a coolability limit. On the other hand, the RES’s
threshold is used as a coolability limit. Overall, an approach proposed
by RES sounds the most conservative.

There is an appreciable database in currently licensed burnup level,
but the database must be extended to higher burnup and new cladding
materials. Better understandings on, in particular, post-failure events,
a role of fission gas during the early stage of the transient, and an
influence of rim formation, are needed. The FGD test will be one of
the efforts to answer the pending guestions.

JAERT
PSR 2005

@D

- 212 -
Fuel Safety Research at JAERI

In the field of fuel safety, an extensive research is being performed at
JAERI by using some unique facilities such as NSRR, large hot cells,
etc. Research on high-burnup and MOX fuel behaviors under
accident conditions has a particular importance, since it provides
technical basis of future regulation.

Mechanistic fuel behavior codes, such as FEMAXI and RANNS, are
being developed and verified.

The JAERI research program is going to be extended to higher
burnup UO, and MOX fuels, newly developed pellets and claddings,
and advanced reactor fuels.

International and domestic collaboration becomes more important for

the success of the program.

JAERT
FERM 2005
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Session 1-5

Fuel Safety Activities of LOCA and RIA in Korea

Geun-Sun Auh, Bong-Hyun Kim, Hyun-Koon Kim
KINS
Jun-Hwan Kim, Yong-Hwan Jeong, Sun-Ki Kim, Chan-Bock Lee
KAERI

Fuel Safety Research Meeting 2005
March 2 - 3, 2005 at Toshi Center Hotel, Tokyo, Japan

Abstract
Regulatory requirements for fuel performance in Korea include:

v" To limit peak cladding temperature in LOCA to 1204C, total cladding oxidation to
17% of the total thickness before oxidation, and to require that the core remain in a
coolable geometry.

v"  Reactivity insertion accidents do not result in damage to the reactor coolant pressure
boundary nor impair core coolability.

v' To limit for peak enthalpy 280 cal/g for a Control Rod Ejection Accident,

Korea’s current regulatory limit on peak rod average burnup is 60 GWD/MTU.

The current regulatory requirements for fuel performance were based on earlier test data of f
resh or low burnup Zircaloy fuels of less than 40 GWD/MTU. Most countries have not chan
ged the current regulatory requirements even if they are actively investigating the high burn
up and new cladding alloy effects. Korea agrees with commonly accepted international conse
nsus that although there are technical issues requiring resolutions, these issues do not consti
tute immediate safety concerns. The high burnup fuel reactor performance experiences of Ko
rea do not show any major problems.

A research project.of High Burnup Fuel Safety Tests and Evaluations has started in 2002 un
der a joint cooperation of KAERI/KNFC/KEPRI and KINS to obtain performance results of hi
gh burnup fuel and to develop evaluation technologies of high burnup fuel safety issues.
From 1998, KINS has been closely monitoring and actively participating in international acti
vities to reflect on regulatory requirements if needed:

v OECD/NEA CSNI Special Expert Group on Fuel Safety Margin.

v"  OECD/NEA CABRI Water Loop Program.

v" International Conferences such as USNRC’s NSRC.

KINS will closely monitor the high burnup fuel performances of Korea to strength the regula
tory activities if needed. KINS judges that the Lead Test Assemblies have to be actively test
ed to measure their performances and several full core loadings of new design fuels are to be

quantitatively monitored by the industry.

The following research activities of LOCA and RIA being performed at KAERI with active su

pports of the industry are shown in this presentation:

v' Fresh Fuel LOCA Research

» High Temperature Ballooning Test
» Thermal Quench Test
» Ring Compression Test
» High Temperature Oxidation Test
v" Fresh Fuel RIA Research
» Ring Tensile Test
» RIA Simulation Test
v' Irradiated Fuel Research
» Ring Tensile Test under RIA Condition
» Ring Tensile Test under LOCA Condition
v' Preparation of Irradiated Fuel Tests_
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Fuel Safety Activities of LOCA and RIA in Korea

Geun-Sun Auh, Bong-Hyun Kim, Hyun-Koon Kim
KINS
Jun-Hwan Kim, Yong-Hwan Jeong, Sun-Ki Kim, Chan-Bock Lee
KAERI

March 2-3, 2005
Fuel Safety Research Meeting 2005
Toshi Center Hotel, Tokyo, Japan

Contents of Presentation

Current Regulatory Approach
Technical Basis supporting Regulatory Approach
Present Status
Fresh Fuel LOCA Research
» High Temperature Ballooning Test
» Thermal Quench Test
» Ring Compression Test
» High Temperature Oxidation Test
= Fresh Fuel RIA Research
Ring Tensile Test
~ RIA Simulation Test
= Irradiated Fuel Research
~ Ring Tensile Test under RIA Condition
» Ring Tensile Test under LOCA Condition
= Appendix: Preparation of Irradiated Fuel Tests
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Current Regulatory Approach

» Regulatory requirements for fuel performance in Korea:

> To limit peak cladding temperature in LOCA to 1204C, total
cladding oxidation to 17% of the total thickness before
oxidation, and to require that the core remain in a coolable
geometry.

- Specified acceptable fuel design limits are not to be exceeded
during normal operation and AOO’s.

~ Reactivity insertion accidents do not result in damage to the
reactor coolant pressure boundary nor impair core coolability.

- To assume fuel failure when DNB occurs during a CEA Ejection
Accident.

- To limit for peak enthalpy 280 cal/g for a Control Rod Ejection
Accident.

= Korea’s current regulatory limit on peak rod average burnup
is 60 GWD/MTU.

. Technical Basis supporting Regulatory Approach

= The current regulatory requirements for fuel performance
were based on earlier test data of fresh or low burnup
Zircaloy fuels of less than 40 GWD/MTU.

= Most countries have not changed the current regulatory
requirements even if they are actively investigating the high
burnup and new cladding alloy effects.

» Korea agrees with commonly accepted international
consensus that although there are technical issues
requiring resolutions, these issues do not constitute
immediate safety concerns.

= The high burnup fuel reactor performance experiences of
Korea do not show any major problems.
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Present Status

= A research project of High Burnup Fuel Safety Tests and
Evaluations has started in 2002 under a joint cooperation of
KAERVKNFC/KEPRI and KINS:

» To obtain performance results of high burnup fuel.

- To develop evaluation technologies of high burnup fuel safety
issues.

= From 1998, KINS has been closely monitoring and actively
participating in international activities to reflect on
regulatory requirements if needed:
~ OECD/NEA CSNI Special Expert Group on Fuel Safety Margin.
- OECD/NEA CABRI Water Loop Program.
~ International Conferences such as USNRC’s NSRC.

Present Status

= KINS will closely monitor the high burnup fuel performances
of Korea to strength the regulatory activities if needed.

= KINS judges that the Lead Test Assemblies have to be
actively tested to measure their performances and several
full core loadings of new design fuels are to be
quantitatively monitored by the industry.

= Research Activities of LOCA and RIA in Korea are being
performed at KAERI with active supports of the industry.
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resh Fuel LOCA Researc

= High Temperature Ballooning Test

»  Experimental variables
= Hoop stress : 10~900MPa
« Heating rate : 1~100C/sec

»  Materials
« Fresh cladding (Zry-4, Nb-contained cladding (A))
» Pre-oxided cladding (Zry-4 : 20, 504m)
s Pre-hydrided cladding (Zry-4 : 300, 600ppm of H)

2003 2004 2005 2008 2007~

A. LOCA : high temperature ballooning test
<1 | Fresh cladding /
| Effect of axial constaint
Effect of pre—oxide

1 | Effect of pre—~hydride
A-5 1 Corrhined effect (oxide+hydride)
A6 integral Test {Ballooning+Quenching)

Fresh Fuel LOCA Research

= Experimental Facilities

v Temperature : ~1250C
{by direct electrical heating)

¥ Hoop stress : ~90MPa

v Diametral differences can be
measured by laser
extensometer

v Axial load can be controlled by
moving crosshead

v Two types of test

= Migh temperature ballooning
test

s Cuench test

Cold
Bbture water
Press ' rection
4700
Failure {?)
emp.
., | Press.
1) Ballooning test 2) Quench test
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resh Fuel LOCA Researc

= High Temperature Ballooning Test Results

1560

« * Initially pressurized
v cladding was heated up to
..... ! rupture

100 » Circumferential burst

& elongation was measured
o8 with the burst temperature
& » Elongation of the cladding
b deeply related to the phase
© 50 .

;5: transformation of the

cladding tube.

fransient ballooning test

1~100°Creec
’ i L

L 1 3 i 3 i

L i L i 1 3
600 700 800 900 1000 1100 1200 1300 1400
0
Test temperature { C)

Fresh Fuel LOCA Research

»  Thermal Quench Test
- Experimental variables
= Oxidation temperature : 1000~12507C
» Oxidation time : 500~10000sec
= Ring compression test after thermal quench test
> Materials
= Fresh cladding (Zry-4, Nb-contained cladding (A))
« Pre-oxided cladding (Zry-4 : 20, 504n)
= Pre-hydrided cladding {Zry-4 : 300, 600ppm of H)

2003 2004 2005 2008 2007~

B. LOCA | Quench test
1 |Fresh cladding
| Ring compression test ,
Effect of axial constraint lmm -
Effect of quenching rate - .
Effect of pre—-oxide
Effect of pre-hydride

7 __1Combined effect (oxide+hydride)
-8 3—point bend test

9 |Integral Test (Ballooning+Quenching)
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= Thermal Quench Test Results
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resh Fuel LOCA Researc

Cladding was oxidized in a
given temperature and time,
followed by water
guenching

Intact, semi-intact (intact,
but failed during handling),
failed during water
guenching was measured
with respect to cladding
temperature and ECR.

Fresh Fuel LOCA Research

s Ring Compression Test

displacement at first crack (mm)
[}

8 "z
o
o
) 2
oo’
~ . open  intact
SRS semi-closed : falled during handling
O O closed: failed
O &
o 80 &Ko o o
O o~ . -
& C o
nd P 3
Cul & 8 8
p8 €0, R oo 8 °®

10 15 20

H T H T ¥

25 20 35 40

ECR Baker-Just (%)

45

After quench test, cladding
was cut into 15mm at the
middle section, compressed
at room temperature until
fracture.

Specimen ductility
gradually decreased with
the ECR.

Ring compression test at
135 and three point bend
test are planned

12
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resh Fuel LOCA Researcl

= High Temperature Oxidation Test

» Experimental variables

s Oxidation temperature 1 800~1200C

»  Materials

s Fresh cladding (Zry-4, Nb-contained cladding (A))

= Pre-oxided cladding (Zry-4, A)

« Pre-hydrided cladding (Zry-4, A : 300, 600ppm of H)

2003

2004 2005 2006 2007~

; C. LOCA : High temperature oxidation

Fresh cladding

1Alloying element (Sn, Nb)

Effect of pre—oxide

4 (Effect of pre~hydride

Combined effect (oxidethydride)

Fresh Fuel LOCA Research

s High Temperature Oxidation Test Results

10°

w o Zry4
©A
~ =~ Baker-Just

Cathecart-Pawel

&5 7.0 75 8.0 8.5 9.0 9.5 10.0

1Temperature, x107K

Cladding was oxidized in a
given temperature and time.
Changes of weight was
measured by TGA {Thermo-
Gravimetric Analyzer).

Rate constant and oxidation
aquation were being made.
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Fresh Fuel RIA Researc

e Ring Tensile Test

»  Experimental variables
= Strain rate : 0.01, 0.1, 1/sec
» Environment : RT, 350C

»  Materials
= Fresh cladding (Zry-4, Nb-contained cladding {A)}
» Pre-oxided cladding (Zry-4, A : 20, 50, 1004m)
« Pre-hydrided cladding (Zry-4, A : 300, 600, 1000ppm of H)

2003 2004 2005 2006 2007~

D. RIA ! ring tension iest

)1 |Effect of strain rate

_{Etfect of pre—oxide

_ {Effect of pre=hydride
[Combined effect (oxide+hydride)

Etfect of test temperature

Fresh Fuel RIA Research

= Ring Tensile Test

Gauge length: 2.11mm
Gauge width: 1.7mm

3 plece type

UTS and displacement at the

failure in load-displacement
graph were measured
Results were presented
through averaging 3 identical
tests
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Fresh Fuel RIA Research

1. 1 = Ring Tensile Test Results
S 1 .+ As the hydrogen content
5.1 ° increased, strength increased
= | zimalogd, mT but ductility decreased, showing
E ol Ring Tension Test el brittle fracture,

% ] . . Brittle fracture was due to the

e I 1 hydrogen embrittlement of

b o Dlifsec R

] o D ifsec ® s cladding, as well as the

L T ] circumferential crack around
] hydride.

»  Ductility of cladding highly
depends on the hydrogen
conients rather than strain rate.

<= (0 ppm, 1000 ppm)

Fresh Fuel RIA Research

= RIA Simulation Test (TBD)

» Candidate tests (TBD)
= High speed burst test
= EDC (Expansion Due to Compression) test
= Temperature transient test
- Materials
= Fresh cladding (Zry-4, A)
« Pre-oxided, pre-hydrided cladding

2003 2004 | 2005 2008 2007~

E. RIA : simulated test (TBD)

E-0 |Experimental setup P
E-1 Effect of pre—~oxide and pre~hydride §
E-2 |Etfect of axial stress state L

18



JAEA-Review 2006-004

irradiated F m% esearch

= Ring Tensile Test under RIA Condition
# Temperatué*e range = RT, 200, 400, 600, 800°C
# Initial strain rate = 1/s
» Oxide thickness = up to 100 pm
» Burnup = 40,000~60,000 MWditU
Cladding Material: Zry-4, Nb-contained cladding (A)

'

» Axial Tensile Test (planned)
~ RT, 350, 600°C

Ring Tensile Test Machine

19

Irradiated Fuel Research

= Ring Tensile Test under LOCA Condition
5 Temperature range = RT, 135, 200, 400, 600, 800°C
Initial strain rate = 0.001/s ~ 0.01/s

L4

» Oxide thickness = up to 100 ym
> Burnup = 40,000 ~ 60,000 MWd/HitU
Cladding Material : Zry-4, Nb-contained cladding (A)

v

* Tube ballooning & Rupture Test (planned)
» RT, 350°C

20
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Irradiated Fuel rc

U Ring Tensile Test Results
(Strain Rate = 0.01/s)

1200 - e
| —IRR-RT |
§ e {RR=1 35 5
1000 [ - 1RR-200 |
[ IRR-400
i~ [ IRR-B00 |
@ i H
oo 8o | IRR-800
e !
g 600 \\ Cladding for
@ Ulchin #2,
§ 8~10cycle
£ 400 0.01/s
200} T
Z 5 .
O ry i 1 i b i
0 40 60 80 100 120
Hoop strain (%)
Hoop Stress-Strain Curve
U Ring Tensile Test Results
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%. 00 A 48 %, £
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Mechanical Properties in the Temperature Range up to 800C

{1 0.2% Offset YS and UTS decrease with temperature.
{1 UE and TE increase with temperature to 600C, but have a tendency to decrease beyond i,

= Due to phase transformation of Zircaloy-4 material.

Totat Elongation {mmimm}
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irradiated Fuel Research

(] Fracture Pattern After Ring Tensile Tests
DuctEEgFraACtuije‘ 450 shear fracture)

_Fracture Pattern of unirradiated specimen (RT)

Brittle Fracture (vertical fracture)

Fracture Pattern of irradiated specimen (RT, 400, 600C)

lrradiated Fuel Research

L Irradiated Fuel Test Schedule

Mechanical Test
Ring Tensile Test

—

2 Axial Tensile Test
3 {Ballooning & Rupture Test
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Appendix: Preparation of irradiated Fuel Tests

=
g L s,
o
= [ ] = mJ
K
{J m 3
- Bp
Rod Fuel Specimen
Fuel Rod Segment Removal |  Machining
Tensile Test
PIEF of KAERI T IMEF of KAERI
Transport by Cask
25
Appendix: Preparation of Irradiated Fuel Tests
1. Removal of fuel in hot cell
- Mechanical drilling or grinding of the fuel is used to remove the fuel
2. Specimen fabrication in glove box o
{50
- Diamond wheel grinder is used
- Precision : + 0.05 mm '
Unit: mm
mond Wheel Grinder Ring Tensile Specimen
' 26
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ppendix: Preparation of irradiated Fuel Tests

3. Grip & Jig for Ring Tensile Test

L Specimen design:
- Hoop tensile specimen - Ring specimen (5 mm)
- Gauge length = 3 mm, gauge width = 2 mm

] Grip & Jig design:
- Hoop loading grip - Grip with 2-pieces of half-cylinder
=> The gauge section is toward up & down direction
- The diameter of half-cylinder = 8.08 mm

Grip & Jig for Ring Tensile Test

27
Appendix: Preparation of Irradiated Fuel Tests
4. Results of Preliminary Tests (Fresh Cladding)
50 B o
As-received Zircaloy-4 -~ Tefion tape | As-received Zircaloy-4 & Down i
a5l RT 001/ Graphite vacuum grease | 251 RT,0.01/s [ Left & Right]
23 204k
Z g
- 4 10}
o5F ’
: : : L) Do L s s L \ “n 5
04 Ga o8 16 iz 0.0 0.2 04 06 08 19 1.2 14
Crosshead displacement {mm} Crosshead displacement {nm)
Friction Effect  Gage Section Position Effect
U Graphite Vacuum Grease is used as lubricant because of its high allowable temperature
of over 1,000C.
LI Gauge Section is toward up & down in this study.
28
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2.Session 2 Fuel behavior under RIA condition

Session 2-1
STUDIES ON HIGH BURNUP LWR FUEL BEHAVIOR UNDER RIA CONDITIONS

) Tomoyuki SUGIYAMA
Fuel Safety Research Laboratory, Department of Reactor Safety Research
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken 319-1195 Japan
Phone +81 29 282 5355 / E-mail sugi@fsrl.tokai.jaeri.go.jp

JAERD’s research activities on high burnup fuel behavior under reactivity initiated accident

(RIA) conditions are presented.

Two pulse irradiation experiments simulating RIAs were performed at the NSRR on 60
GWd/t PWR UO, fuel rods. Test OI-10, which was performed with a peak fuel enthalpy
condition of 435 J/g on large-grain (~28 pm) fuel pellets sheathed with an MDA cladding,
showed that the large grain pellets reduced the amount of fission gas release (FGR) during a
power transient by decreasing the amount of accumulated fission gas at grain boundaries.
Cladding deformation was also lowered because of small increase of rod internal pressure due
to the low FGR. Test OI-11 on conventional grain size (~10 pm) pellets sheathed with a
ZIRLO cladding resulted in a fuel failure at a fuel enthalpy of 500 J/g due to the
pellet-cladding mechanical interaction (PCMI). This result shows that the fuel claddings with
improved corrosion resistance have a larger safety margin against PCMI failure than the

conventional Zircaloy-2/4 claddings.

Improvement of cladding corrosion resistance, however, does not make advantage in safety
evaluation with the current PCMI failure criterion in Japan, because the criterion is a function
of the fuel burnup only and the cladding improvement is not considered. To establish better
criterion reflecting the cladding performance, indices for fuel conditions and failure limit
should be appropriately chosen on the basis of microscopic investigation of fuel state at
failure. JAERI is going to proceed with the investigation using the NSRR experiments,
post-irradiation examinations on the cladding samples, cladding mechanical property tests and
a newly developed computer code which can analyze cladding local stress and strain during a
power transient. Regarding the post-failure events, knowledge of mechanical energy
generation during the PCMI failure has been accumulated. Reliable evaluation of the

mechanical energy is prospected on the basis of heat transfer from fuel fragments to coolant.
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« Studies on
high burnup LWR fuel behavior
under RIA conditions

Tomoyuki SUGIYAMA

Fuel Safety Research Laboratory
Japan Atomic Energy Research Institute

Fuel Safety Research Meeting, Tokyo, March 2-3, 2005

JAERI

Contents

- Objective

- Results from recent NSRR experiments
- Estimation of post-failure events

- PCMI failure criterion

- NSRR test schedule

JAERI
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Objective

Acquisition of knowledge to be used for the
safety regulation covering advanced use of
LWR fuels including:

- Further extension of fuel burnup

- Extensive use of MOX fuel in LWRs

Tasks
- Data accumulation of high burnup fuels

- Development of safety evaluation techniques for
high burnup fuel behavior under accident conditions

JAERI 3

Research items

]| NSRR experiment

- RIA-simulating experiments on LWR fuels
Tests with high burnup fuels used at power plants
Separate-effect tests with fresh fuels = (Tomiyasu)

Out-of-pile experiments
- Cladding mechanical property tests

Ring tensile test, fracture toughness measurement,
EDC test*, etc. mp (Ikatsu)

* Test using Expansion Due to Compression, originated by Studsvik.

Code development
- RANNS code for fuel behavior analysis at RIA = (Suzuki)

JAERI 4
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NSRR experiment

JRRPS— ¥ (=1 Yoo

Pellet stack
~110 mm

Fuel rod used in
a power reactor

Test capsule

* RFEF: Reactor Fuel Examination Facility

. &
[0} Temperature | =
2 kG
O Same
. O
. joX
2 5
O

@ Power %
il — 2

10 ms Time

Transient measurement

- Temp. at clad surface and coolant
- Rod pressure, capsule pressure

- Clad surface strain (hoop, axial)

- Elongations of clad and pellet stack
- Water column velocity
- etc.

JAERI

Tests OI-10, -11 and -12 on high burnup PWR fuel

- PWR 55 GWAd/t lead-use fuel (Ohi unit 4, KEPCO)
- 01-10 and -11 performed in July, 2003
- OI-12 to be performed in March, 2005

Test ID Ol-10 Ol-11 Ol-12
Fuel type PWR 17x17

Initial U-235 enrichment 4.5%

Pellet density 95%TD

Pellet grain size (um) ~28 ~10 7-8
Cladding material MDA ZIRLO NDA
Cladding thickness (mm) 0.57 0.57 0.64

Operation period

Test rod sampling position
Cladding oxide thickness (um)
Test rod burnup (MWd/kgU)
Fission gas release in the PWR

4 cycles from Mar.97 to Mar.02
2nd span from the top

~27 ~28 -

60 58 61

0.57% 0.49% -
MDA: - Zr-0.85n-0.2Fe-0.1Cr-0.5Nb

ZIRLO: Zr-1.08n-0.1Fe-1.0Nb
NDA:  Zr-1.08n-0.27Fe-0.16Cr-0.1Nb-0.01Ni

JAERI
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Tests OI-10, -11 and -12

Ol-11

01-10 Ol-12
Coolant conditions Stagnant, ~20 deg C, 0.1 MPa
Pulse irradiation
Inserted reactivity($) 3.67 4.6 4.6
Peak fuel enthalpy (preliminary)
(J/9) 435 657 ~590
(callg) 104 157 ~140
Mo failure Failed at 120 callg
Main results No significant ~ Cladding axial crack -
deformation Fuel fragmentation
g ” _1 T ‘ F N t~
e
5 “Tor, 12 N
é 10 44ms /=
% Comparison of power histories.
0 b )
(; ‘ 1i0 ' 210
Time (ms)

JAERI

Cladding deformation in test OI-10

Peak fuel enthalpy (cal/g)

Small deformation is produced
by pellet thermal expansion.

Conditions for large deformation:

4 - Cladding yield stress goes down

with cladding temperature increase.

- Rod internal pressure becomes

0 50 100
B
= 6 NSRR irradiated PWR fuel tests , .
* () . DNB occurred )
P S Not measured o
‘© O ~ NoDNB ey
‘g‘ 4 » i -
% Maximum plastic strain
bal 5 by pellet thermal expansion
= - o
©
w .
a OF PO O1-10
1 i i L H 3 i i i
G 100 200 300 400

500
Peak fuel enthalpy (J/g) &

DNB: departure from nucleate boiling
at clad surface

high due to fission gas release.

Considering the high peak fuel enthalpy
in test OI-10, DNB probably occurred.
i.e. Cladding temp. became high.

Small deformation in OI-10 suggests
the rod internal pressure remained low.
i.e. FGR was low.

JAERI
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Fission gas release in test OI-10

AR TSN e e R I S B |
~ 30F1 0% nonailure 1 |Remarkably low FGR in test OI-10
§ ® ¢ failure
s |
%ﬁ@ 20 b 1 Large grain pellet was developed to
‘;§ reduce fission gas release from grains
Sg 1 during normal operations.
°5 10} o
o Q.
D 5
. & L .
E Reduction of the amount of gas
0F 1 accumulated at grain boundaries.
L i 3
0 200 400 600
Peak fuel enthalpy or
fuel enthalpy at failure (J/g) Reduction of fission gas release from
Burst release from grain boundary at power transient.
Fission gas accumulated grain-boundary
at grain boundaries at power transient
- @» Large grain pellet is effective
@*.".g% to reduce FGR at an RIA.
JAER] 9

Failed rod in test Ol-11

Elevations of ' : AN
T/C welding Welding zone of
B bottom end fitting

Surface cracks

Cross

section Surface

All fuel pellets were fragmented and dispersed into the coolant.

—> Mechanical energy

JAERI 10
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Mechanical energy generation during PCMI failure

Fuel grain
FP gas

FP gas release

&

@@@

Q)

@5
o8

®
®

Grain o0
boundary @ ® CHL
separatioa{\) © o~ @
< Steam generation Rapid growth of
steam bubbles
\.
Jump of
water
Mechanical energy is evaluated column
as a kinetic energy of jumping Steam
water column.
Fuel rod
JAERI 11
Estimation of mechanical energy generated
Mean diameter (um) -
100 50 20 15 High burnup Mean diameter: 152 um
1.0k L 1 ' fuel rod
SR

Mechanical energy
conversion ratio (%)
o
o
H

0 0.02 0.04
Specific surface area (m?/g)

Smallest particles from O1-11 test rod

- Mechanical energy can be estimated by simple calculations based
on heat transfer from fuel fragments to coolant.

- Differences in coolant conditions between NSRR and power
reactors can be considered in the calculation.

JAERI
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- Ol-11 had less corrosion than conventional Zry-2/4 rods at a same burnup level.

JAEA-Review 2006-004

PCMI failure criterion

- PCMI failure criterion in Japan uses only fuel burnup as an index for fuel condition.

Fuel enthalpy at failure (J/g)

o>

Improvement of cladding corrosion-resistance does not make
advantage in safety evaluation with the current criterion.

Attempts to describe the fuel condition with other parameters, such as
cladding oxide thickness, are being made.

0
[
o

600

400

200

0

Initial wall thickness :

0.57 mm

TK-7

0.64 mm
y L e S B S
+ 200
-+
n +
- +
JMTR-irradiated O‘"

100

HBO-54

L

A LBO SBWR
TK-24.8 &

A
PCM failure criterion in Japan
SRS SR SURFI TR I

20

3 40 50 80 70
Fuel burnup (GWd/#tU)

Fuel enthalpy at failure (calig)

Fuel enthalpy at failure (J/g)

[ws]
o
=]

600

400

200

Initial wall thickness E

0.57 mm

0.64 mm
»L 1 v 1 * i
"1 IMTR-irradiated
-+
-t Ol-11
]
B A TK-7
BWR 5 A
X & @ HBOS
= TK2 HBO-1

- 200

100

Oxide thickness (um)

Fuel enthalpy at failure (callg)

JAERI

PCMI failure criterion (continued)

Problems in the use of oxide thickness:

~ Oxide thickness must be estimated accurately (or conservatively) from

fuel burnup and other irradiation conditions for each type of cladding.

- To confirm the estimated oxide thickness, cladding samples irradiated

up to a target burnup under real conditions are needed.

- This approach is equivalent to defining different criteria for different

claddings.

Index for
failure fimit

index for fuel conditions

Alternative indices should be
appropriately chosen for both
fuel conditions and failure limit.

L

Better understanding of “failure” is necessary.

13
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Anticipated process of PCMI failure

Surface
oxide layer

Hydride

rim

Initiation of surface cracks

| 0.5 mm |

Ol-11 cladding surface

Surface crack propagation

g

i

LA
t

Penetration

Radial cracks in the oxide and hydride layers
were observed at the cladding surface of
both OK10 and -11 rods.
cladding penetration should have started at
one of such surface cracks.

In test: Ok11,

01-10

JAERI
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Evaluation of microscopic fuel state at failure

“Failure” is defined as the occurrence of cladding penetration.

/- ™
Quter surface: ~30 deg C
(by measurement)

Inner surface: >500 deg C
(by computation)

Cladding temperature

at PCMI failure in O1-11
. J

Evaluation of all aspects of fuel state at failure

i

1

Fuel enthalpy at PCMI failure

Hoop/axial stress due to PCMI
Stress concentration at the crack tip
Thermal stress due to radial distribution

of cladding temperature

Radial distribution of mechanical
properties (Young’'s modulus, etc.) due

to temperature profile

Evaluated by NSRR tests l

RS

by
computer code

VS

S|

- Radial distribution of hydride precipitation { by clad PlEs |

- Local fracture toughness as a function of
temperature and hydrogen concentration

by mechanical
property tests

JAERI
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NSRR test schedule until FY2007

FY2004 FY2005 FY2006 FY2007
RTRP ' o A o
: tests -1 ; i
?omest;c ; : to be determined | to be determined
uel tests HTHP A
tests Fuel will be selected
Fuel Arrival at JAER]
transport *
MR-1 RH-1 LS-1
RTRP A ls A L Alm WA B
tests VA-1 VA-2 DW-1  BZ-1 BZ-2 |
L8-2
HTHP A A L
tests VA-3 RH-2 BZ-3
X NSRR i R i i
inspection
Facilities S !
and Facllity | Installation
equipment todiicaon] «——> ;
~ HTHP Par;t mafxufacture Assembly 2nd lot Assembiy
- causule : ; - v ’
RTRP : room temperature and room pressure b U02 , B MOX
HTHP : high temperature and high pressure
 funded by METI/ NISA (Nuclear and industrial safety agency)
JAERI 17
High-temperature high-pressure test capsule
Test fuel rod
- Total length ~120 mm
- Active length ~50 mm
Pressure
suppression Coolant water
tank
_ " - Stagnant
Rupwre a1 featic - 286 deg C, 7 MPa (BWR conditions)
heater
LY : Main purpose is to clarify the influence of
Inner capsule —., cladding ductility recovery at high temp.
Test fuel rod < on the PCMI failure limit.
Coolant ]
« water Instrumentation
™ Vacuum .
insulation - Cladding surface thermocouple
- Coolant thermocouple
- Capsule pressure sensors
JAERI 18
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Fuel rods to be tested until FY2007

Type , Burmup . NSRR test ID
Fuel [Reactor] Spec | cooor (Country) =aivan 1¢299 S —mp T Hep
Ok-4 61 NDA | OR12 .
(Japan)
Vandellos 78 MDA VA-1 VA-3
PWR | 17x17 (Spain) 79 | ZIRLO| VA2 |MDAorziRiO)
uo, :
McGuire(USA)
Ro(Sweden 69 NDA MR-1 .
Ringhals
(Swedem 67 M5 RH-1 RH-2
Leibstadt
BWR | 10x10 | i 73 Zry-2 LS-1 LS-2
59 Zry-4 BZ-2 BZ-3
PWR | 14x14 Beznau
MOX (Switzerland) 48 Zry-4 RZ.1 _
’ Dodewaard
BWR | 8x8 (Netherland) 45 21y-2 Dwi__ .
Total | 9 | 4 |
JAERI 19
Summary

Tests OI-10 and -11 on 60GWd/t PWR fuel rods respectively showed:

- Large grain pellet reduces fission gas release during a power
transient, and consequently lowers the cladding deformation
driven by the rod internal pressure.

- Fuel claddings with improved corrosion resistance have a
larger safety margin against PCMI failure than the conventional
Zircaloy-2/4 claddings.

Improvement of cladding corrosion-resistance does not make advantage
in safety evaluation with the current PCMI failure criterion. To establish
better criterion reflecting the cladding performance, indices for fuel
conditions and failure limit should be appropriately chosen on the basis
of microscopic investigation of fuel state at failure.

Knowledge of mechanical energy generation during the PCMI failure

has been accumulated. Reliable evaluation of the mechanical energy is

prospected on the basis of heat transfer from fuel fragments to coolant.

JAERI
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Session 2-2
FISSION GAS RELEASE FROM HIGH BURNUP PWR FUEL DURING AN RIA

Hideo SASAJIMA
Fuel Safety Research Laboratory, Department of Reactor Safety Research,

Japan Afomic Energy Research Institute

Tokai-mura, Ibaraki-ken 319-1195 Japan
Phone +81 29 282 5044 / E-mail sasa@fsrl.tokai.jaeri.go.jp

The expansion and release of fission gas have important role on the fuel behavior under RIA
conditions. We have analyzed fission gas released from the high burnup fuel during
pulse-irradiation experiments in the nuclear safety research reactor (NSRR) in order to

identify radial position in the pellet which mainly contributes to the release.

Relatively larger number of Pu fission gives a higher ratio of xenon to krypton in fuel pellet
peripheral region with a higher local burnup. Therefore, data of the Xe/Kr ratio obtained
from puncturing of post-test rod give information regarding whether the gas is released from

pellet center, periphery, or entire region.

The ratio of xenon and krypton (Xe/Kr ratio) depends also on pellet specification and
base-irradiation conditions. The Xe/Kr ratio was also calculated with RODBURN code in
each fuel and burnup, and compared with the data. In order to estimate the radial position of
fission gas release in the pellet, a normalized Xe/Kr ratio, R, is introduced. A higher value
of R corresponds to significant release from peripheral region of pellet.

Test fuel rods were obtained from 14x14 and 17x17 PWR fuel rods base-irradiated in the
reactors up to burnup of approximately 50 GWd/t. Fission gas release (FGR) during the
base-irradiation is evaluated to be less than 1% for each type fuel rod. Therefore, most of
fission gas generated during the base-irradiation can be estimated to remain in the fuel pellet.
Pulse irradiation tests with burnup fuels were conducted at peak fuel enthalpy ranging from
155 J/g to 530 J/g in the NSRR.

The present evaluation revealed that radial position of fission gas release in the pellet is
highly dependent on peak fuel enthalpy during the pulse-irradiation. In the tests with low
enthalpies, contribution of fission gas in grain boundaries of peripheral region is not dominant.
A higher value of R is obtained for the middle enthalpy condition; hence a contribution of
fission gas in grain boundaries of peripheral region becomes significant. Then, in the tests
with the high enthalpies, fission gas is released due to grain boundary separation in entire

region of pellet.
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FSRM 2005

during an RIA

Hideo SASAJIMA

Fuel Safety Research Laboratory
Department of Reactor Safety Research
JAERI

Prepared for Fuel Safety Research Meeting 2005
on March 2-3, 2005 at Tokyo, Japan

Outline

The expansion and release of fission gas
play an important role on the fuel behavior
under RIA conditions. We have analyzed
fission gas released from the high burnup
fuel during pulse-irradiation experiments in
the NSRR in order to identify radial position
in the pellet which mainly contributes to the
release. |
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¢ The higher peak fuel enthalpy brought the larger amount of fission gas release.

¢ During the pulse-irradiation, fission gas accumulated in the grain boundaries
would be released.

# In the tests HBO-2, -3 and -4, 18 to 23% of FGR was measured in spite of
lower enthalpy.

120
§ 100 Burnup pro : inpellet
- afterbasesrradiation P
%, | celculated with RODBURN ¢ FP gas compositions
e : : Xe/Kr ratio
E 60
2 : , S Measured by rod puncture and
T P T gas analysis
= 20 a0 -
. 2 3 ¢ Change of Xe/Kr ratio
0 02 04 06 08 1 with burnup in radial direction of the pellet
Fractional Radius v/ry . . i
10 - o : Calculated with burning analysis code,
SN B Pu R RODBURN
4 [ ¢ S\ § ,;‘ : \
- %/ 4 i Xe |
w1 [ L 4 2
= b 0 4” \\‘s
z {/‘ \ {‘ “ lf"‘" N
5 { Kr - oass gy !,\“\ :
2014 ¢ Vo X Comparison
L. / \ ‘\ II f l‘ ‘\
[N L
01 | |/ E:
70 80 90 100 110 120 130 140 150 160
Mass number Radial distribution in the pellet which
- The fission yields of Kr is smaller for 239Py mainly contributes to fission gas release
than that for 235U, will be known

- Xe/Kr ratio becomes higher as the burnup
increases and plutonium builds up
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Fuel Fuel Fuel FGR during
D type Reactor Burnup, base-irradiation,
GWd/t %
MH 14x14 Mihama-2 38.9 0.2
GK 14x14 Genkai-1 42.1 <0.4
HBO 17x17 Ohi-1 44 - 50.4 <0.8
TK 17x17 Takahama-3 37.8-50 0.4

13 N i R ,‘,.«»-“/"'d : i 13 : Al :
L Pellet edge /f’”“ Caleulated curve | : .
N — Edge ~
o - Center 12 F
= I
s
s 11|
m =
10|
@
A T
9FE 4 9 ‘w
Pellet center e Lentet
o % Measured data
8 : : ] ; e . 8 ; | R
30 40 50 30 40

Radial Average Fuel Burnup (GWd/)

Radial Average Fuel Burnup (GWd/t)

- The calculated curves depend on initial enrichment, outer diameter, and
base-irradiation conditions such as liner heat generation late.
- Each fuel has different calculated curve.

50
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Radial Average Fuel Burnup (GWd/f) Normalized Xe/Kr ratio, R ()
-Define the calculated Xe/Kr ratio in pellet center ¥ — Xe/ Kr .
and edge as 0 and 1 in the R value. R=—— =
-Apply the linear relationship between the Xe/ g\d}dg@ — Xe/ Kr e
calculated Xe/Kr ratio and R values
-Convert the measured Xe/Kr ratio to the R value. e.g. R=0.25in Test TK-8

A higher value of R corresponds to signiﬁcanf
release from outer region of pellet.

Xe/Kr Ratio (-)
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¢ The higher enthalpy brought higher value of normalized Xe/Kr ratio.
— Contribution of fission gas existing in grain boundary of the outer
region is highly dependent on enthalpy.

Grain boundary
separation (GBS)
W

intergranular
High enthalpy bubble

Low enthalpy

¢ low enthalpy condition
- Small amount of fission gas accumulated in grain boundary is released.
¢ High enthalpy condition

- Increased pressure of intergranular gas bubble.
- Burst release of fission gas accumulated in grain boundary occurred.

- Grain boundary separation (GBS) is generated, consequently.
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Polished

TK-8
272 Jig
50GWdit

TK-4
410 Jig
49GWdt

TK-1
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e
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0 3 10 13 20
Fission Gas Release

during Pulse Irradiation (%)

[
v

# For Test TK series
- FGR of TK-1: ~20%(all FP gas in grain boundary )
- Accordingly, FP gas in grain boundary would be released from entire region.

- Normalized Xe/Kr ratio is 0.31 in TK-1 corresponding to the value of fission gas
released from entire region.
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+ Middie enthalpy
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= Higher vaiue of R is obtained
@ ﬁ ﬁ @O Contribution of fission gas in grain boundaries
) of the outer region becomes significant.
High e «C < + High enthalpy
enthalpy OO {?QOO - GBS occurs in entire region.
v Q Q;Cj@ @QOOQ = Fission gas is released due to the GBS in the
Q \Q @ entire region.
@ @ R value becomes close to 0.31 in TK series.
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Normalized Xe/Kr ratio, R

- The higher enthalpy brought the higher value of the Xe/Kr ratio up to middle enthalpy.

- Contribution of fission gas existing in grain boundary of the outer region would be
remarkably significant with the middle enthalpy.

- R value increases with peak fuel enthalpy and then, decreases to that corresponding
o entire release.
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Summary

> Data of the Xe/Kr ratio obtained from puncturing of post-test rod
give information regarding whether the gas is released from pellet
center, outer or entire region.

> Radial distribution of fission gas release in the pellet is highly
dependent on peak fuel enthalpy.

¢ Low enthalpy

- Grain boundary separation dose not occur in entire region.

- Small amount of fission gas is released uniformly from the
entire region.

¢ Middle enthalpy

- Grain boundary separation occurs only in outer region.

- A higher value of R is obtained for the middle enthalpy
condition; hence a contribution of fission gas in grain
boundaries of the outer region becomes significant.

¢ High enthalpy
- Grain boundary separation occurs in entire region.
- Fission gas is released in the entire region.

16
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Session 2-3 ,
RIA-Simulation Experiments

on Fresh Fuel Rods with Hydride Rim

Kunihiko TOMIYASU
Fuel Safety Research Laboratory
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken, 319-1195, Japan
E-mail: tomiyasu@jfsrl.tokai.jaeri.go.jp

A characteristic failure on high burnup fuels, called hydride-assisted PCMI failure, has
been observed in the NSRR experiments. In this failure, cladding embrittlement due to
hydrogen absorption has a particular importance. Hence RIA-simulation experiments were
carried out on fresh fuel rods with hydride rim as a separate-effect test to investigate an
influence of the hydride rim on high burnup fuel behavior. The hydride rim was< produced at
the cladding peripheral region by localizing the hydrogen precipitation. Fourteen experiments,
H-1 through H-14, were performed with the peak fuel enthalpy conditions of 241 to 967 J/g
(57 to 231 cal/g). To simulate cladding creep down and pellet swelling in high burnup fuels,
radial pellet/cladding gap was narrowed to be 11 to 20 pm. Three levels of hydrogen
concentration, 400, 800 and 1200 ppm in a radial average of the cladding, were applied.

In seven experiments, H-2 through H-8, cladding failure occurred at cladding surface
temperatures below 50 degree C, and fuel enthalpy at failure ranged from 190 to 445 J/g (45
to 106 cal/g). A long axial crack was generated over the fuel stack region of the cladding.
Post-test metallography of the horizontal cross section showed brittle fracture in the outer
region of the cladding and ductile one in the inner region. Since these features are similar to
those observed in high burnup PWR fuels, the hydride-assisted PCMI failure was well
simulated with fresh fuel rods with hydride rim. While high burnup fuel tests showed lower
failure limits at higher hydrogen concentrations, clear dependence of failure limit on
hydrogen concentration was not observed in the present study.

A simple comparison of the cladding deformation was applied between the measured cladding
strain and the estimation based on free thermal expansion of the UO, pellet. As a result, the
estimation was in good agreement with the measurement, especially in deforming rate. It is
accordingly concluded that thermal expansion of the pellet is a dominant driving force at

PCMI and a role of the fission gas is very limited to the PCMI failure.
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RIA-Simulation Experiments
on Fresh Fuel Rods
with Hydride Rim

Kunihiko TOMIYASU

Fuel Safety Research Laboratory
Japan Atomic Energy Research Institute

Fuel Safety Research Meeting, Tokyo, March 2-3, 2005
®

OUTLINE

» INTRODUCTION

» Background & Purpose
» EXPERIMENTAL CONDITION

» Pulse Condition
» Cladding with Hydride Rim
» Instrumentation

» RESULTS & DISCUSSIONS

» Transient Behavior
» Comparison with High Burnup Fuel PWR Tests
» Evaluation of Thermal Expansion of the Pellet

» CONCLUSIONS

- 95 —
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INTRODUCTION

Hydride-assisted PCMI failure has been observed

in the NSRR Experiments on high burnup PWR fuels.

» Long axial crack e e.g. HBO-5

iy

» Brittle fracture
(outer region)

e

» Ductile fracture,
(inner region)

RIA-simulation experiments were carried out
on fresh fuel rods with hydrided rim.

to Investigate ...
» Hydride-assisted PCMI failure occurs?
» Failure threshold depends

on hydrogen concentration? ©
EXPERIMENTAL CONDITION
» Experiment ID H-1 — H-14 (14 in total)
» Peak fuel enthalpy 241 — 967 J/g
(67 — 231 callg)
» Radial P/C gap width M1 — 20 um
» Hydrogen concentration
radial average 400, 800, 1200 ppm
in hydride rim 1300, 2200, 2900 ppm
Rim thickness 120, 170, 1920 um
» Failure H-2 — H-8 (7 in total)
@



JAEA=Review 2006-004

Cladding with Hydride Rim

Oxide layer
Hydride rim =

5.
» 150F
[3] r w .
£ 100f High burnup PWR
£ sof fuel cladding
o O
% : Hydride .-
£ 2000 o 3
5§ f %”@ “
® L e rad;al ave,
= 1000F 9
g N ,-vy?’?s -
s 9 500 1000
H concentration (radial ave.) [ppm]
* Nagase, et al., JAERI-Res, 2000-046 (2000) @
Instrumentation
e.g. H-5
, 9 2335
L Unit: mm Fresh O, pellet 1 22 & 22 & 22 57
495 483 | L TC# | PS —~—1
L SG#4 sSG#3 sc#2 /) | (capsule
g (dummy) {ax'“%) (hoop) |
PS 1 Pressure sensor T : 3 SG#1 Pg -t
o ; *"“‘“"““““’“ {hoop) / ?
TC : Thermocouple ; (fuel rod)
. . : TC#3 TC #2 : :
5G : Sirain gauge i« E ¢
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Transient measurement;
» Capsule internal pressure
» Rod internal pressure
» Cladding Surface Temperature
» Hoop and axial strain
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PIE Results

~143 mm H-5

» Post-test appearance

~145 mm HBQ'S

Long axial crack

: Brithe fracture s
e [yctile fracture ™

: kg =

Thermal Expansion of Pellet

Simple comparison was applied between a measured strain
and an estimation based on free thermal expansion of the pellet.

AD, ; s 6.9%107%
S k107 T = 3% 107 +4x 107 exp(— ) *MATPRO
D, 3
AD. A B},i -9 W D, :pellet diameter [mm]
£ - 2= g T :pellet temperature [K]
“;"}c* Dc k  :Boltzmann's constant (=1.38x10-23 J/K)
D, :cladding outer diameter [mm]
W, :PIC gap width [mm]

:cladding strain

D+AD, D,*AD,

oy

PCMI
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]No faiiruel e Eotimation

-~z Measurement

- e Deforming rate

P |
o W

CONCLUSIONS

1. The failure on fresh fuel rods with hydride rim were

similar to those observed in high burnup PWR fuels.
* Cladding temp. at failure : <50 C

» Fuel enthalpy at failure  : 190~445 J/g (45~106 cal/g)

« Configuration of fracture : Long axial crack,
Brittle fracture (outer region), Ductile fracture (inner region) ]

2. Estimated cladding deformation based on free thermal expansion
of the pellet was in good agreement with the measured strain.

1,2 suggest a small contribution of Fission Gas at PCMI

3. Failure threshold did not depend on hydrogen concentration
in the present study. @)
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Session 2-4

Development of the RANNS code

for high burnup fuel behaviors in RIA conditions

Motoe SUZUKI

Fuel Safety Research Laboratory
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken, 319-1195, Japan

E-mail: motoe@popsvr.tokai.jaeri.go.ijp

Objectives of the RANNS code are investigation of the mechanism underlying the
observations in the NSRR experiments, analysis on the failure condition, and prediction
of fuel behaviors in RIA in commercial reactors.

Model and method of the recent RANNS code, and results of experimental analyses
are described in detail and discussed in terms of PCMI and model validity.

Mechanical and thermal analyses were performed for the PCMI behaviors of high
burnup BWR rod (FK-10, 61GWd/t) and PWR rod (OI-10, 60GWd/t), which were
pulse-irradiated under cold start-up conditions in the NSRR experiments.

In the analysis of the FK-10 rod, thermal expansion in the inper region of cladding
counteracts the tensile stress induced by pellet instantaneous swelling, resulting in
relatively higher stress in the outer region of cladding. This can successfully account for
the observation that a failure crack was initiated at the outer surface in the experiment.

In the analysis of the OI-10 rod, calculated permanent (residual) strain of cladding is
compared with the measured data. While the calculated strain is overall in good
agreement with the data, locally enhanced strain, or bulging expansion which appeared in
measured profile raises another point for RANNS modeling.

On the basis of the above results, a new PCMI model for local bulging is being

developed as one of the evolutions of the RANNS code.
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Fuel Safety Research Meeting, March 2-3, 2005, Tokyo.

Development of the RANNS code
for high burnup fuel behaviors
in RIA conditions

Motoe Suzuki
Fuel Safety Lab.
Dept. of Reactor Safety Research
Japan Atomic Energy Research Institute

_ Code Development Progress

LOCA code: FURBEL

{RIA Code: RANNS ]

FEMAXI-V
1999

>\ FEMAXI-6

Burning
analysis code

PLUTON

9 NEA Data Bank

New models: Bubble
swelling, rim structure
formation, etc.
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Development of the RANNS code |

€ Objectives

1. To investigate the mechanism underlying the
observations in the NSRR experiments.

€= Limited amount of test rods and data.
2. To analyze and predict failure condition.
3. To predict RIA behaviors in commercial reactors.
@ Features of model and method.
@ Progress of experimental analysis.

& Evolution with new model.

Fig.1 Overview of “Cylinder expansion” model |

s

11

() | Pellet: 36 equal-volume ring elements.

A D
T Cladding stress-strain
¢ D analysis by FEM:
o 8 metal layers +2 oxide layers
1] for elastic, plastic, creep, and
(’"‘\ Fthermal deformation, phase-
] " /\ change, efc.
N M | B
D Element-wise concentrations
Py of oxygen and hydrogen can
N—t be designated to modify
D local mechanical properties.
TN : . : '
—7 Bonding model
q D Surface heat transfer coefficient
7 T T by RELAP model or NSRR-
) fitting model.

[Pre-accident conditions are given by FEMAXI-6 via file }
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Ring elements for thermal and mechanical analyses |
in the “Cylmder expansmn model

! Gap or ZrOz
| bonding layer
P TTTTITH T b

T T £ T
! [ 1 % 1 it i

1 segment | Pellet consisti Cladding

i 36 ring ji!emev\ ,
: SO
g . ot L idild VL -

| """92 04 o065 08 10

Fig.2 l Relative Radius of Pellet XZ:Z\Z 22 /I:’IL

ring element No.

1. Pellet: 36 equal-volume ring elements. Cladding: 8 metal + 2 oxide rings.

2. Pellet instantaneous swelling is induced by solid thermal expansion only.

3. Oxidation is calculated with an independent mesh and resulits are given to
re-size the ring elements.

PCMI analyses of NSRR experiments |
by “Cylinder expansion” model

1) FEMAXI-6 gives pre-accident conditions.

2) BWR rod: FK-10 (61GWd/t), failed by PCMI.

Cladding temperature,
Stress and strain vs. strain gauge data.

3) PWR rod: OI-10 (60GWd/t), survived.

Cladding diameter profile indicates local
enhancement of PCMI strain.
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Diam

eter changes of FK-10 rod

12.30

1

~ Outer oxide surface  C

eanen?

12.25

T

"'-}."o':"'."v'i'vﬂ-"c"

12.20

1]

12.15

1| Pre-pulse

cladding

10.60

10.55

1

H *% ~ :

i 3 Faes :

o o 3 3 H
‘,.,-,.tK,%Mm.».:..»e“.;.“...,,m. s SR S,

3 : -

10.50

RS SR
-~

.....

metal wall
thickness.

/

10.45}

e Pel

Inner surface of

Diameter (mm) Diameter (mm)

clacjding Ty
10.40 :

20 30 40
Burnup (GWd/t)

Fig.3 Diameter and cladding thickness change calculated by
FEMAXI-8 during the base-irradiation of FK-10 rod in BWR.

0 10 50 60

€ FEMAXI-6 results: stress-strain of pellet and cladding, bu;:!nup
and heat generation density profiles, etc. are fed to RANNS.

{Analysis of FK-10 experiment in the NSRR [

B T

< 140
120
100+

/Y Inner element # 1

D 1024

o o

(o) o
D o
o o

T

N

o

(@]
T
D
«

N
[ows

Cladding temperature (C)

PCMI Pressure (MP

, 2 r Outer elemema?E 8

<O

e

0.27

[e)

T0.26 0.27
Time (s)
Fig.5 Pellet-clad PCMI contact

pressure.

026 0.28 0.25
Time (s)
Fig.4 Cladding temperature
in the five ring elements.

1. Large temperature difference
across the wall is induced.

2. PCMI pressure peaks and
gradually attenuates.
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9
[ Cladding stress in the FK-10 rod failed by PCMI |
1000 5 1000
800 2 500
2]
%2
@
400 Q. 400
o)
o]
200 \ it i £ 200t
N ——Hoop stress =
0 e Axial stress | % of )
I ¢ i 1 1"4 A 1 A ¥ i 5.
0.25 0.26 0.27 0.28 E 0.254 0.256 0.258 0.260
Time (s) O Time (s)
Fig.6 Calculated cladding hoop Fig.7 Cladding hoop stress in
and axial stresses. zoomed time scale.

1. Thermal expansion counteracts the tensile stress in the inner region.
=» The failure crack is generated in the outer surface of cladding.

2. Failure stress at the failure instant is estimated to be 890 MPa.

3. Temperature and stress gradients across the cladding wall is essential
in the PCMI analysis of RIA of high burnup fuel rod.

 Figs Clading strains in FK-10_ "

15 _._._..n_ ..........
Axaal stram,

\7 Hoop strain in the outer |
/. element #8 N

-
()
eyt

Fai!ure—instant indicated
by the strain gauge
data break.

| “G: Strain gauge
data

Cladding strain (%
s g

025 026 027 028

Time (s)
1. “1 ms shift” of the calculated curve C1 gives C2 with a better agreement.
2. In the “1 ms” period, cracks in the pellet is closed and PCMI begins.

3. Failure stress and failure instant can be estimated by the strain gauge
data break.
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L Analys:s of OI 10 expenment in the NSRR

Cladding temperature (C)

o ~ —— Hoop stress
2 800 ---- Axial stress |
73} r
O 600F
» )
g’ 400 -
ke = B
B 200l |#2,,
© i Sesse]
§00 7 005 010 045 020 800 " 008 010 015 020
> < Time (s) -« Time (s)
Fig.9 Cladding temperatures Fig.10 Cladding hoop and axial
in the five ring elements stresses.

1. Large temperature gradient; stress in the outer region is relatively high.

2. NB and DNB are predicted, but heat transfer after onset of DNB is
uncertain.

) ) _ - 12
Uotal strain of cladding calculated in the Oi-10 |
A SO A zf.@_l.gtr_a.ln._.-._.__
1.5 : Inner element # 1
i
10+ : —
o Hoop stram

&
13

oo Outer element # 8 _______________________________________ -

Cladding strain (%

o
o

000 005 010 015 020
Time (s)
Fig.11 Cladding total strain progress during PCMI.

Total strain of cladding consists of elastic, thermal,
plastic, and creep components. =»Permanent strain?
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13

[Plastic and creep strains of cladding OIl-10 };

T T T Y T T T T T T

(%)

O

(0))

o

7 .
o=t
O.
g‘)*.
]
L
=

Creep strain |

>l #5 %8

0600 ‘i\o.oé 010 015 020
Flg12 ....... {il\.mw Tlme (S)

' [DNB)
Bulk of the permanent strain of cladding is plastic strain before
the onset of nucleate boiling. Creep strain after DNB is slight.

Cladding hoop strain

14
L Fig.13: Cladding strain profiles in OI-10 ]

1.0 ! T T

‘ - Post-pulse profile . Calculated strain by
08 e AAAAAAAAAAAAAAAAAAAA AAAAAAAAAAAAAAAAAAAAA Bivenrernerns ........... “Cyh!}def expaﬂS!On"
i A : ] : {model.

0.4 FC ol e Y I A

02k

Diametral strain of cladding (%)

Pye-pujse prof|§e e

0.2 A R S R S SR
20 40 60 80 100 120 140
Axial elevation (mm)
> The predicted permanent strain has some overestimate.
» The relative strain increase indicates uneven local strain

during the pulse-irradiation.
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{ Flg 14.

15
Claddmg local strain proﬂle in OI- 10 J;

o 038

Strain increased in
between the ri dges
=>“Barrel bu&gzng

Post-pulse

©
o
T

| \ ................

o
I
5

/\

MMW

.......... p }e-pufs;e profile

A | Relative increase

proﬂie

/\M’"‘"WM

S

Barrel shape

Diametral strain of cladding (%)

60

80

Axial elevation (mm)

Locally enhanced strain of cladding induced by “Barrel bulging” of
pellet are found in the NSRR experiment with high burnup rods.

16
{“Barrel bulgmg expansron of pellet under modehng ]

Localnon- unlform;ty of stress and stram
=>failure crack initiation;
=> criteria for failure-non-failure prediction.

18-equal-volume ring elements in pellet,
4 metallic ring elements in cladding; each element

[

¥
|
!
!
|
]

has 8-node and quadric displacement function.

Fig.15 FEM geometry for Local PCMI analysis
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. Experimental analysis by RANNS:

PCMI analysis by “Cylinder expansion” model: |
Thermal expansion counteracts the tensile stress,
=» Stress in the outer region is relatively high.

Cladding is subjected to a bi-axial stress state.
Deformation is dominated by pellet thermal expansion.

Locally enhanced straining of cladding is one of the
important analytical targets in terms of failure crack
initiation.

Evolution of RANNS

Local PCMI model is being developed.

Failure prediction model on the basis of mechanical test
results, and Grain separation model will be developed.
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3.Session 3 High burnup fuel behavior

Session 3-1
Fuel Behavior under Power Oscillation

Jinichi NAKAMURA

Fuel Safety Research Laboratory
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken, 319-1195, Japan

E-mail: jinichi@popsvr.tokai.jaeri.go.jp

To investigate the fuel behavior during power oscillation of BWRs, three irradiated
fuel rods were tested under simulated power oscillation conditions in the Nuclear Safety
Research Reactor(NSRR). One is high burnup BWR fuel (56GWd/t) test, with 4 power
oscillation cycles, to clarify the behavior of high burnup fuel. The second and third ones
are high enriched fuel(19.5%,16-25GWd/t) test, with 7 power cycles, to perform the test
under high power conditions. The fuel behavior data, such as cladding elongation, fuel
stack elongation, cladding temperature, etc. were obtained in these tests. DNB occurred
only in one test. The fuel rod integrity was confirmed under the tested conditions
without DNB, and the plastic deformation was very small.

In case DNB occurred, small deformation of cladding was observed due to the
temperature increase of cladding during film boiling.

PCMI was observed by cladding elongation measurement in the tests. The cladding
deformation was roughly proportional to estimated fuel enthalpy rather than to the power.
The cladding deformation in the power oscillation conditions was comparable to those
observed in the RIA tests at similar fuel enthalpy levels.

The fission gas release was quite smaller in the power oscillation tests than in the RIA
tests. The slower heatup rate during power oscillation could be one reason for the
smaller release from the grain boundaries. The amount of the fission gas release is
comparable to that of diffusion release from fuel grains during power oscillation

calculated with FASTGRASS code.
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JAER]

Jinichi NAKAMURA

Japan Atomic Energy Research Institute

Fuel Safety Research Meeting
March 2-3, 2005, Tokyo

JAERI]

» Fuel behavior during ATWS such as power
oscillation in BWR is one of the concerns in the fuel
safety research area, as pointed out in PIRTs (the
Phenomenon Identification and Ranking Tables) by
USNRC. However, frequency of the power
oscillation in BWRs is about 0.5Hz and it is difficult
to perform such a power oscillation tests in test
reactors.

» JAERI has tried to perform a simulation tests of
power oscillation in BWR by means of the NSRR,
and succeeded to perform power oscillation test at
the NSRR.

» Three tests with irradiated fuel have been conducted
to clarify the fuel behavior during power oscillation
conditions.
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» Low temperature phase

PCMI failure of low ductility cladding could result in a degraded
coolable geometry.

» High temperature phase

Critical heat flux may be exceeded, and the high temperature may
lead to oxidation, ballooning, rupture and fragmentation.

JAERI
Test conditions Coolant Instrumentation
Number of MAX LHR | conditions
power peaks (kW/m)
High burnup BWR 4 50 Room CE
fuel(féGWd/l) ternpgratare FE
(FK-11) CT
IMTR preirradiated | 7 06 Smaller subcooling CE
high enriched (20%) ' conditions with heater | o
fuel (25GWd/) ~ 80°C
(JMH-6)
JMTR preirradiated | 7 89 Smaller subcooling CE
high enriched (20%) conditions with heater | ¢
fuel (16GWd/t) ~ 90C
(JMH-8)

CE:cladding elongation,  FE:fuel stuck elongation,

CT:cladding temp., FT:fuel center temp.
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JTAERI

tron core for
cladding
elongation
sensor

bl Top end fittin
Sibling rod VDT coils P 9

Iron core for Thermocouples

4 cycle irradiation)

pellet stack for cladding
elongation surface
sensor temperature
pmeasurement
Pellet stack a2mm
of irradiated
fuel &
cladding 32mm
(108mm) bottom

Hi disk

| 80um |

Bottom end fitling with rod
internal pressure sensor

Bonding at pellet cladding gap

JAERI
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JAERI

5
48
&N
3 é&@
2 %2
| =
~"Rod power 1 5
(relative) O
, o
pp p g e s 8oy v opog 13 3 3 O
o 10 20 30
Time (s) .

JAERI

»To investigate fuel behavior under high
power conditions.

» 14x14 type PWR fuel rod with 20%
enrichment

»Pre-irradiated in JMTR up to
25GWA(IMH-6), 16GWdA(MH-8)

l 5 mm 1
Sibling rod

»Initial gap :190 4 m, some gap remains
after pre-irradiation in IMTR
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JAERI
Cladding _
elongation
Sensor
* Smaller subcooling
with electric heater
Channel cladding *Reduced amount of
Tube surface/ 1/C Tor o 1ab] lant
water available coolan
with channel tube
- Electric
Heater
JAERI

100 500
. 80 | 400 5
i e
S 60 30(3%
0 40 | 200%
O - —
O 20 F 100 3
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Time (s)
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Cladding elongation (%)
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Almost no permanent deformation
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JAERI

Cladding surface temperature(C)
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JAERI
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Cladding elongation (%)
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JAERI
:
!
§
FK-11 FK-5 . JMH-6 | JMH-8
(RIA test) g
Burnup(MWd/kg) 56 56 g 25 16
i
Fission gas release(%) 0.4 9.6 :
during NSRR test i 5.8 6.2
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm ;
{base irradiation) (12.5) (12.5) i
§
Heat up rate About 10? About 10° : About 107 About 107

("Cls) :
¥

Calculated peak fuel 256 293 ; 368 ~ 430

enthalpy, J/g (cal/g) ohH (70) ; (88) (~ 103)
i
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1.0

Difference of temperature
profile : at periphery
F'i
&
Xe/Kr ratio is similar for
both cases.

9.4 (FK-11) 10.2(FK-5)

The fission gas release of
FK-11 test(0.4%) is
comparable to that of
diffusion release during
power oscillation calculated
with FASTGRASS code.

Difference of heatup rate
could be responsible for
the difference of fission
gas release.

20



JAEA-Review 2006-004

JAERI

@ To examine fuel performance under power oscillation conditions in BWRs,

three tests of irradiated fuels under simulated power oscillation conditions
were conducted in the NSRR. DNB occurred only in one test. The fuel rod
integrity was confirmed under the tested conditions without DNB, and the
plastic deformation was very small.

® In case DNB occurred, small deformation of cladding was observed due to the
temperature increase of cladding during film boiling.

@ PCMI was observed by cladding elongation measurement in the tests.

The cladding deformation was roughly proportional to estimated fuel enthalpy
rather than to the power. The cladding deformation in the power oscillation
conditions was comparable to those observed in the RIA tests at similar fuel
enthalpy levels.

® The fission gas release was quite smaller in the power oscillation tests than in
the RIA tests. The slower heatup rate during power oscillation could be one
reason for the smaller release from the grain boundaries. The amount of the
fission gas release is comparable to that of diffusion release from fuel grains
during power oscillation calculated with FASTGRASS code.
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Fuel Safety Research Meeting, March 2-3, 2005

Session 3-2 Toshi Center Hotel, Tokyo, Japan

Performance of Fuel and Cladding Material at High-Burnup
Antonino Romano , Paul Scherrer Institut, CH-5232 Villigen, Switzerland
Sousan Abholassani, Paul Scherrer Institut, CH-5232 Villigen, Switzerland
Guido Ledergerber, Kernkraftwerk Leibstadt AG, CH-5325 Leibstadt, Switzerland
Magnus Limback, Westinghouse Atom AB, SE-721 63 Vasteras, Sweden

Abstract

A strategy to reduce the fuel cycle costs pursued by the Swiss utilities seeks
minimization of the reload batch size by using advanced fuels capable of achieving
high discharge burnups (BUs). Assemblies designed to reach BUs larger than 50
MWd/KgU have been operated in the Leibstadt Nuclear Power plant (KKL). Since
1994, continued operation for seven cycles allowed attainment of bundle average
BUs above 60 MWd/kgU for this fuel.

The fuel was designed and fabricated by Westinghouse and adopts Zircaloy-2
cladding material (LK3). The irradiation conditions in the KKL reactor featured linear
heat rates ranging from 250 W/cm down to 100 W/cm in the last cycle and normal
water chemistry with zinc injection. Selected rods have been extracted at both
intermediate and final irradiation stages and hot cell examinations have been carried
out. Specifically, clad oxidation measurements using both Eddy current methods and
destructive testing indicate that the clad corrosion is limited to ~ 50 microns.
Furthermore detailed characterization of axial and radial nuclide distributions, rod
profilometry as well as of the chemical composition of the fission products using both
gamma measurements and second ion mass spectroscopy have been concluded.
Results indicate little fission product migration and production of a tenacious crud
with formation of two distinct phases. The preliminary assessment yields favourable
- features with respect to the possibility of operating this fuel until local BUs of 80
MWd/kgU.

In this contribution we bring attention to additional material characterizations focused
on fuel/clad EPMA and SIMS analyses. Specifically, chemical burnup evaluations
were carried out for three selected rods that operated for 7 cycles. These
measurements yielded radial distributions of Uranium, Plutonium, Neodymium and
Cesium-137 isotopic vectors along two directions across the rods, specifically, one
following the maximum burnup gradient and the other along the perpendicular
direction. The analysis of the cladding was centred on measurement of the hydrogen
content and distribution, using the Hot Extraction method, which allows separation
between hydrogen in the oxide layer and in the metal.

Selected rod segments have been provided to the ALPS programme for dedicated
tests with regard to RIA and LOCA behaviour of such high burnup fuel. Quantification
of the concentration of hydrogen in the cladding and the hydride precipitates
morphology are provided for selected rods of interest for ALPS.

’ presenting author, email Antonino.Romano@psi.ch
Fax: +41 56 310 2327, Phone: +41 56 310 2084
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Fuel Safety Research Meeting 2005, Tokyo March 379, 2005

Performance of Fuel and Clad Material
up to High Burnup
Status Report
‘Antonino Romano, PSI, CH-5232 Villgigen PSI, Switzerland
Sousan Abolhassani, PSI, CH-5232 Villigen PSI, Switzerland

Guido Ledergerber, Leibstadt NPP, CH-5325 Leibstadt, Switzerland
Magnus Limback, Westinghouse, SE-721 63 Vasteras, Sweden

Kiezel, Datum

PAOL SCHERBER IRITOIWY

Motivations and Objectives

Assess Performance of SVEA-96 Fuel Assembly above Bundle average
Burnups of 60 MWd/kgU

Perform Comprehensive NDT and DT tests from hot-cell examinations for high
burnup rods (up to 75 MWd/kgU and above the limit imposed by 5% U235
enrichment)

Generate Experimental data for validation of Neutronic and Fuel Performance
Codes (Actinides, Gadolinium, FGR, Fuel and Cladding Behaviour)

Provide Fully Characterized Fuel and Clad Material for ALPS and other Safety
Related Tests ~

Kitrzel, Datum
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Fuel Irradiation at Leibstadt NPP

Reactor: GE BWR-6, 3600 MW thermal power with 648 Fuel Assemblies
(32 kWikg, 62 kw/ 1)

SVEAS6+ Bundle from Westinghouse, 10x10 FA with four subbundles
Lead Test Assemblies (LTA):

Zy-2 Cladding (LK3, Fe+Cr+Ni ~ 3300 ppm); thickness~0.63 mm:;
liner containing Fe~ 200 ppm;

Rod: D ~ 9.62 mm, H ~ 4152 mm (with 7 Spacers);
Start Irradiation in 1994 for 3, 5, 6, 7 cycles

Peak Rod Burnup ~ 73.5 MWd/kgU (Bundle ave. 60 MWd/kgU)
and LHR~ 250 W/icm

FA AGB108 with two-life Rods:
3 rods operated for 9 cycles up to a peak local BU ~92 MWd/kgU

Karzel, Datum

PAVL SCBERELR (HSTETVL

LTA Fuel Irradiation at Leibstadt NPP

Year 1902 | 1993 } 1904 l 1995

1988 { 19897 1958 1999 I 2000 2001 § 2002 ! 2003 } 2004 l
i

T

KKLCW*eig[mlﬂlazimgmIzs]mlwiwim}zo}

Transport P51 - Studsvik:

896, LK2, ADAGDS March 2003

Segments of rods:

AEBO7Q-E4, AEBOGS-E4,

AEBOBB-E4, AEBOTY-E4
and AEBOT2-E4

B964L, LK2, Demo LKZ+, LK3
AEBBTO

896+/L, LKZ, Damo LK2+, LK3
AEBOBS

AEROGS

AEBO67, AEBOT1, AEBDT2

g Pool-gide visual inspection

gz Full pootside inspection
g {visual, uxide, length)

pp Detalled pool-side inci. v-FGR

During Outage Fuel A - . - o o o
2466 B v av s -
T Transport to PSI S96+L, LKes | AGB108 26 Afziite B rodav o 7af
Hot cell PIE

Kirzel, Datum
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KKL Support to Fuel Test Programs

ALPS - LOCA and RIA Testing Other Programs:
Three Assembly Rods Provided from LTA: Halden Experiments:

LOCA (IFA-650)
AEBOT1-E4 FGR (IFA-629)
AEB072-E4 Cladding Lift-off (IFA-610)
AEB072-J9 CABRI

Test of BWR Fuel in PROMETRA
iitsl | Av.Rod/ | N.of .| Unloaded roposal of Swiss partnership, material

As;eon;hly Enrir:h:xent Loc;i Bzmup Cycles m‘g gyc;e;: (S} gtudsvik) 4 P

PoU23s] | [MWdfkgl] | inCore Year

AEBOT1-E4 446 576i678 7 LK3L 17 - 2001 . s .
ERTE ik BAE ; i T SCIP (Studsvik Cladding Integrity Program)

AEBOTZJS) 311 | G323 | 7 | LKSL | 17-200 Segments for operational transients and
RIA simulation tests on LK3 material

Kiirzel, Datum

FAUL SCRERRER INITRTUV

Fuel/Clad Characterization of Rods for ALPS

(WA-KKL-PSI Fuel Performance Programme)

< Non-Destructive Tests (Completed)
Visual Inspection, Length Measurement and Profilometry and y Spectrometry
Oxide Thickness / Crud Measurements
Fission Gas Release (Rod Free Volume, Composition and Release)

+ Destructive Tests (nearly Completed)

Cladding Characterization (Metallography, Hydrogen Content, SPP, micro-
hardness) on all three rods

Fuel Characterization (Chemical Burnup, ceramography, density, distribution
of selected fission products (EPMA), distribution of selected isotopes (SIMS))
on AEB072-E4

Kirzel, Datum
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Overall Characterization at PSI
(WA-KKL-PSI Fuel Performance Programme)

Fuel Characterization (AEB072-E4 Rod):
» Well Characterized Fuel Profilometry;

» Nearly no Migration of Volatile Fission Products
{from Radial Profiles of Plutonium and FPs at high BU for);

» Cs Precipitation in HB region;
» Over 100 MWd/kgll local BU in Fuel Rim

Clad Characterization (all three rods)

»Low Clad Oxidation, below 30 microns, eddy current measurements in the lower part
of the rod deteriorated ;

»CRUD layer < 5 microns, composition hematite and spinel;

» Hydrogen Content and morphology analyses completed for E4 and J9 rods

Kerzel, Datum

FRUL SURERMLR IHSYITYY

Fuel Characterization (AEB072-E4 rod)

EPMA Analyses (Both Qualitative &
Quantitative)

SIMS Measurements (Isotopic
Composition)

Two Fuel Directions Considered
(Dir - 1 = Maximum BU Gradient;

Dir - 2 Perpendicular to Dir. 1)

Radiograph Image of AEB072-E4

Kitrzel, Datum
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=1

Quantitative EPMA (AEB072-E4 Rod)

Radial Profiles, Pu and FPs (AEB072-E4)

el L A — T —— i S
: : : : H : : : : : : : H 314
32+ 304 ~B-Pu —0—0s ~y—Xe | #3143
08 2 H e e m “‘D“R} %_ 12
T o2 : it st o ER e
g 24 s ‘i\g
ko - & o
g 20 g 8 I
8 18 g 8 8
E 8 F &
2124 o D -
¢ 90 8
08 2 2
s [i=e
044
B e L T i o 0.1 LA NS S—| RS s Sa——— {1
i ;%g&os;gm S2000 1000 0 1000 2000 300 4000 4000 -3000 2000 <1000 0 1000 2000 2000 4000
i ide . R
g micrometers from pellet carter mmicroreters frompeliet center
Dir 1: Highest BU Gradient Dir 2: Perpendicular to Dir.1

Kinzel Datum

PRUL SCHEERER IRSTITLY

Fuel Rim Examination (AEB072-E4 Rod)

Liner Oxide

4.0-rrrry

353

30

25

Metd
28

1.54-

weight percent Pu

fission products [wi%]

ot

N B N B A S
micrometers

Hal

Higher D itv Reai HB Structure
igher Density Region FPs Clad Penetration due to Recoil

Kiwrzed, Datum
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Xe Depletion
buti

£

Xe - distr

Accumulation

High Burnup Fuel Region

Kurzef, Daturn

PAYLRLBIRECY BHETITEY

Xe Depleted in GBs

Xe~;§istr§bmi@ﬁ

Uniform Distr.

Radial Position ~r/r, = 0.63

Kurzel, Datum
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s
%
c

“SIMS Analyses: BU & Isotopic U, Pu and FPs Distributions (AEB072-E4)

? i | I % | I
11 —&— Burnup Distribution Along Direction1 =~ |
] ’{ —u— Burnup Distribution Along Direction 2
0T o T —1-Detailed Scan
|0 @y ‘ (Better Agreement with EPMA)
< o1 £
= | * \
b '{? hﬁ}* 5 , i leai = | Diametral Scan
3 3 g& ;\\ R s ;:m ";"’ 528840 i {Averaged over larger area)
B} %
i ! e /
7
6

High BU Side

Kirzel, Datum

FAUL SCHERRER IHOITILY

SIMS Analyses: U, Pu Distributions (AEB072-E4)

0.30
2.4 - Py Concentration Dir. 1
J 5 - Pu Concentration Dir. 2 1
2.0 - {}235 Concentration Dir, 1 -4 028

——de— 1}235 Concentration Dir, 2

I
N
[+3)

Plutonium wt % (Pu / {U + Pu))
P
i
=
N
1235 isotopic Content [at %]

14 - 0.22
1.2+
] -1 0.20
1.04
08 LA L A I AL SN L R S T 0.18
5 -4 3 2 - 0 1 2 3 4 5
High burn-up site Position [mm]

Kirzed, Datum
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SIMS Analyses: Isotopic Pu Distribution (AEB072-E4)

60 v : : :
[~m—Pu-238 @ Pu240 = Pu241 v Pu242 |
50 |
0]
40 f &
BBy By
‘pﬂ“i"i'ﬁj-'!.
S
I
20
Vg
10 ) .
0 . . . . . . . —
-4 -3 2 -1 0 1 2 3 4
- High burn-up side Position [mm]

Kirzel, Datum

FARL SUBERBER ORETOYRT

SIMS and burnup Analyses: Distribution of fiss. material (AEB072-E4)

10 - 1 i i i i
. Direction 1 —m@-—-235 [mg/g]
9 — @ Py-239 [mg/g}
3 —d—Pu-241 [mg/g}
8 —— Sum (U-235, Pu-239, Pu-241)
;& 5 , | wag
£ 5 ey Wmvvwwﬁwﬁfw%ﬁ
R @ conc. Total fissile 6.94 mg/g
RS
8 4 2, ey’ @
g
o J
& 3 © conc. U-235 1.91 mg/g
o . |
S 23 - _— e
1
0 3

Kurzel, Datum
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i . " T 18

TR TN AR - s [ mCs134 8 Ce135 & Ce37
20 ; 7 e i 15
e 1.4+ ‘
18+ : !
134 Effectof Local Porosity
i
18
B : %
e 14|80 e . ;
® J_ N - %
12 " ﬁm“ bl g L
L e ®
10
& i 06 Ty : : ;
-4 3 -2 - 0 d 2 3 4 4 3 -2 -1 ¢ i 2 3 4
High burn-up side Position fmm] High burm-up side Position {ram]

Follows BU Gradient No Indication of Cs Diffusion

Kirzel, Datum

PREL STHERRTR IBLIILY

Clad Characterization: Hydrides Morphology

e :
Hyvdride etched : 0 -~ Oxide thickness: 20 um
R()d AEBO72"\]9 . ) Iil iﬂ ﬂ’letﬁ}:
Segment GB Gl 160 {ppm|

H, in metal:

H, in metal:
195 [ppm]

195 [ppm}

Oxide thickness: n.a. Oxide thickness: 24 ym
H, in metak:
205 [ppm] :
wlgoe . - - Oxide thickness: 10 pm

Kurzel, Datum
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Clad Charactenzatlcn Hydndes Morphology

Oxide thickness: 18 um

Hydride etched
Rod AEBO72-E4
Segment GH, ‘ S W, in metal:
water side ; 260 [ppm]

H, in metal:

H, in metal:
290 [ppm}

300 [ppm]

Oxide thickness: 24 ,,!-lmﬂ*;'; Oxide thickness: 18 um

H, in metal:

320 [ppm] Oxide thickness: 20 um

Kitrzel, Datum

FRUL SCHERELR JUSTIIUY

Clad Characterization: Hydrides Morphology

O° Oxide thickness: 8 um
Hydride etched
Rod AEB072-E4

Segment GH, liner side

270° 90°

Oxide thickness: 6 um Oxide thickness: 7 um

180°

Oxide thickness: 6 um

Kurzel, Datum
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Conclusions

KKL is participating as key fuel deliverer to several international fuel testing
programmes

Fuel Performance Programme: provides material property data for fuel
enriched up to 5%

ALPS Fuel: operated up to 72 MWd/kg in KKL, shows very good behaviour
(limited PCI uniform isotopic distributions, well defined rim region)

Comprehensive characterization of candidate fuel for ALPS: AEB072-E4
Characterization of other two rods focused on Clad only

W.r.t. other rods more data available for AEB0O72-E4 thus more proficient
utilization for experiments in the perspective of computational modeling

Kinzel, Datum

FARL STRERRER INS LI

Future Work

Neutonic modelling work with regards to uranium, plutonium and neodymium
isotopic composition with Helios / Presto-2 started (NOK / KKL)

Modelling of thermal-mechanical fuel response on selected RIA & LOCA tests
foreseen (use of FALCON, FALCON/TRACE integration for LOCAs)

Kirzel, Datum
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Session 3-3
Grain subdivision and strain distribution between subdivided grains in

high burnup UO; pellet

Masaki AMAYA
Fuel Safety Research Labora tory; Department of Reactor Safety Research,
Japan Atomic Energy Research Institute

Tokai-mura, Ibaraki-ken 319-1195 Japan
Phone +81 29 282 5044 / E-mail: amaya(@fsrl.tokai jaeri.go.jp

It is well-known that microstructural changes called “rim structure” occur at high burnup
region in LWR fuel pellet, such as pellet periphery. Rim structure is characterized by
increase of porosity and formation of sub-divided grain and coarsened bubble.  Since the rim
structure has special features like this, it is considered that rim zone, at which rim structure is
formed, is possible source of fission gas release during normal or transient condition.
Therefore, it is important to grasp the threshold burnup of rim structure formation and

formation mechanism for safety of high burnup fuel.

Samples were prepared from fuel pellets of STEP-II type-segmented fuel rod irradiated in a
commercial BWR in order to investigate microstructural changes in UQ, pellet.
Pellet-averaged burnups are about 60GWd/t.  For cross section of these irradiated fuel pellets,
Optical microscope observations and micro-X-ray diffractions were carried out. From the
obtained ceramographs, zone widths of rim structure formation were evaluated in each sample.
Based on the micro-x-ray diffraction results, lattice parameters and diffraction peak
broadenings (increase of FWHM of diffraction peak) of irradiated UO, pellets were measured.
Crystallite diameter, which corresponds to subdivided grain diameter, and strain distribution
between crystallites can be evaluated from the increase of FWHM of diffraction peak by
using Willamson-Hall method.

While lattice parameters of samples increase in burnup region up to about 70GWd/t, the
lattice parameters fall and tend to be leveled off above this burnup due to rim structure
formation. Accordingly, the threshold burnup of rim structure formation would be about 70
GWd/t.  Crystallite diameter gradually decreases with increasing burnup up to about 67
GWd/t and the diameter tends to saturate at 100 - 200 nm above this burnup. The saturated
value is comparable to that of € recrystallized grain’' in rim structure. This tendehcy can be

explained by dislocation behavior in UO, pellet during irradiation.

This work was operated by one of new-cross-over projects conducted under the Atomic
Energy Committee of Japan and was sponsored by Ministry of Education, Culture, Sports,

Science and Technology.
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Grain subdivision and strain distribution between

subdivided grains in high burnup UO, pellet

M. Amaya
Fuel Safety Research Lab., JAERI

Fuel Safety Research Meeting 2005
March 2-3, 2005
Tokyo, Japan

Background Cladding

@Burnup extension of LWR fuel Pellet

@ Microstructural changes at periphery

of fuel pellet due to local burnup increase
(“rim structure formation”) B

© Characteristics of rim structure Rim zone

(Dincrease of porosity
A: defect-clusters-
accumulated region
B: recrystallized grain
C: coarsened bubble

(2)Formation of
~Sub-divided grain
("Recrystallized grain”)
»Coarsened bubble o -

(Nogita et ET.Q)MZOO nm
*I l— , TEM image of rim structure
-Possible release source of fission gas during normal/ transient condition.

- For safety of high burmup fuel, it is important to grasp the threshold
burnup of rim structure formation and formation mechanism
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Previous studies concerning rim structure formation

Motion of dislocation plays an important
role on rim structure formation... ..

Point defects

Grain boundary

Interstitials

Vacancies

»~ (GB)

_>L Recombination ]4_

y

Formation of
dislocation

y
| Dislocations | [ Bubbles
v

Sub-divided
grains

\ 4

| Recrystallization ? !

v

v

| % Dislocation

2 1

Accumulation of dislocation

- Subdivided grain size before

Recrystallized
grains

Coarsened
bubbles-

rim structure formation

Rim structure

» Strain distribution between

Mechanism proposed by Nogita et al.

subdivided grains
— induced by e.g. change of crystal

orientation

Rim structure

Objectives

@ To evaluate the threshold burnup of rim structure formation in

UO, pellet.

@®To investigate burnup dependence of grain subdivision and
strain distribution between subdivided grains, from the view
point of formation mechanism of rim structure.
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Sample characteristics

Gammma-ray intensity

Sample ID 1 | 2 Top
Fuel type BWR-STEP Il
© | (high burnup 8x8)
Pellet density 97
(nominal, %TD)
o -y "
Irradiation cycle* 4 5 S | Axial position of
©
Peliet-averaged burnup 56 61 P ?;gtryg{znstﬁjdd;od
(Gwadft) Ty
FGR (%) 12.5 12
Peak linear heat rate
during irradiation 35
(kW/m)
Bottom|

* irradiated in a commercial BWR.

Burnup profile of fuel rod.

Experimental

@®For cross section of irradiated fuel pellets,

- Optical microscope observation
— evaluation of rim zone width

*Micro-X-ray diffractometry

1) Lattice parameter change
— evaluation of uniform strain in crystal lattice of irradiated

UO, and threshold burnup of rim structure formation.

2) Increase of FWHM (Full Width at Half Maximum) of

diffraction peak
— evaluation of crystallite (subdivided grain) diameter and

strain distribution between crystallites
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Radial porosity profile of irradiated UO, pellet

(Sample 1. Burnup: 56GWd/H)
20 ‘ :
e area 1
@ area 2
15 G area 3 .
—@— area d Rim zone ;
S
o
'g 10 |
&
o
5.
0 S ~
© 0.90 0.92 0.94 0.96 0.98 1.00
Q Relative radius, 1/,
i% Radial porosity profiles at peripheral region
Width of rim zone: ~50 um (sample 1)
50um ~ 200 gm (sample 2) |

X-ray diffraction results of irradiated UO, pellet

@ Radial position: periphery, middle and center of pellet

@incident X-ray beam diameter: ~0.4mm '
(Sample 1. Burnup: 56GWd/t)
I i |

3000 }
e OOFIDNETY
; 2500 middle
Incident center
-, 2000
2
]
€ 1500
/;v‘_::
1ooo Irradiated UQO,
(annealed at 1600°C)
500 I ! I |
115 112.0 1125 113.0 113.5 114.0
osition Diffraction angle, 2 6 (deg)

Comparison of diffraction peaks of (531) plane

‘Peak broadening — subdivision of grain and/or strain distribution between grains
-Peak shift to lower angle side— crystal lattice dilatation
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Radial profiles of burnup and fission gas concentration

» Radial pmf;ies of burnup (Ce) and fission gas concentration (Xe) in sample 2
(Averaged bumup 61GWd/t)

2.0

@ penphery

=
!
©
=
8
Rzm zone s
. Q
O m;ddle 2
©
@
e

©) @

0.0 | l ! !

0 0.2 04 06 0.8 1

Sty i
9 EEiN = O

Relative radius, r/rO
O center

-Fission gas release and bubble growth at center region
- due to high temperature experience during irradiation.

- Slight xenon depression at peripheral region

St — coarsened bubble of fission gas, that is rim structure,

577 50m was formed at the periphery of sample 2. 9

Lattice parameter in irradiated UO, peliet

548 5 (1rrad. temp.< 1000°C)
x . 7 i il ; e e g ;
Rxm siructure 9
' format;cn .
o BABO e N =
= i
£ + -
2 5475 5 Negw 5
E : . f O a
Q -
0
o 547.0 o Une et al.
® A Davies & Ewart
O @ Une et al.(annealed)
% ~ -~ Simulated FPs-doped UO,
- 5465 4+  Spinoetal
< Spino et al.
& This work (sample 1)
: - v This work (sample 2)
546.0 I R e e v
0 50 100 150

Burnup (GWdft)

-Lattice parameter falls at ~70GWd/t and saturates due to rim structure formation.
— Threshold burnup of rim structure formation would be ~ 70 GWd/t.

10
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Crystallite size and strain distribution between crystallite

® Williamson-Hall method

= Strain distribution between crystallites and crystallite diameter are evaluated
from FWHM increase of diffraction peaks

{ Measured FWHM increase can be {
| expressed by the sum of following iermaf _
e | B ‘Measured FWHM increase of peak
. (corrected the peculiar broadening
.\ caused by X-ray diffraction system)
J/ |k :Constant (=0.9)

_~ | 6 Diffraction angle

| D, :Crystallite (=subdivided grain) diameter

Eﬁeﬁi Of Eﬁect of stran

n:Strain distribution between crystallites
Cf‘ysta %:e s:za Stf‘ but Gn A X-ray wave length for diffraction
(Scherrers fcrmui ) . .
! [ From plots of gcos@against 2 sind,
kA : slope — strain distribution ()
pcost =—+ 2nsind “intercept — crystallite diameter (D)
' DX can be evaluated. 11
Relationship between fcosfand 2 sing
50014 | (Sample 1. 1Bumup: 56GWd/t)
0.0012 |-
0.0010 |-
€ 0.0008 |-
12}
8 0.0006
< O N
0.0004 |-
0.0002 |- @ -~
0.0000 | [
0.5 1 1.5 ) 2
2 sin(6)
«Linear relationship is observed.
— strain distribution (7) and crystallite size (D,) are evaluated.
12
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Burnup dependence of crystallite diameter

1 | TR A Thmaea

|

I
b (rrad. temp.< 1000
0.8

Crystallite diameter (zm)

Local Burnup(GWdft)

~Crystallite diameter tends to decrease with increasing burnup up to ~67 GWd/t.
«Crystallite diameter saturates in burnup region above ~67 GWd/t and the saturated
values lies at ~200 nm.
- comparable to the diameter of “recrystallized grain” in rim structure.
Dislocation formed by irradiation moves to grain boundary and accumulates.
~ (Grain may be divided into subdivided grains from grain boundary. 13

Burnup dependence of strain distribution between crystallites

02 | I ER Y N """ T 0
| (irrad. temp.< 1000°C)

~ Rimstucture
Threshold

formation

o
o
jony
&}
2
a
£ 01
=
@w
=
c
(O
e
[6p}

e M S S

55~ 60 65 70 75 80 85
Local Burnup(GWd/t)

»Strain distribution between crystallites is hardly dependent on burnup up to ~67GWd/t
and tends to increase in burnup region above ~67GWd/t.
«Strain distribution is related to crystal orientation of each crystallite.
- Accumulated dislocations would change crystal orientation of crystallites and the
strain distribution may be induced by the orientation change between crystallites.

14
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Formation mechanism of rim structure
@ Subdivision of crystal grain Accumulation
of dislocations

Grain boundary  Dislocation
O/ . § @

(As-fabricated) ~ Trapped at GB g, pdivided grain Above the threshold
»  burnup of rim structure

Coarsened bubble

Burnup increase formation (~75GWd/t)
Formation of dislocation .
* Generation of “ Coaggi?;g ;)nu?b bfe
, , S strain distribution e (induced b :
Grain subdivision (e.g. crystal orientation change) strain distributi}c/) n?)

@ Motion of dislocation in grain would affect rim structure formation.
- reduction of trapping site (e.g. grain boundary) of dislocation,
* pinning of dislocation motion in grain (precipitates, etc.),
may be effective to suppress rim structure formation. 15

Conclusions

@ Crystallite sizes and strain distributions between crystallites were
evaluated from the broadenings of X-ray diffraction peaks of
irradiated UQO,,.

@ Threshold burnup of rim structure formation would be ~70 GWAdl/t.

@ Crystallite size decreases with increasing burnup up to 65GWd/t
and tends to saturate in burnup region of rim structure formation.
On the other hand, strain distribution between crystallites is hardly
dependent on burnup up to 70GWd/t and tends to increase in
burnup region of rim structure formation.

@ |t is suggested that motion of dislocation in grain affects rim
structure formation. Reduction of trapping site of dislocation and
pinning of dislocation motion may be effective to suppress rim
structure formation.

16
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Session 3-4

FRACTURE TOUGHNESS TEST OF UNIRRADIATED PWR CLADDING

Nobuhiko IKATSU

Fuel Safety Research Laboratory, Department of Reactor Safety Research
Japan Atomic Energy Research Institute
Tokai-mura, Ibaraki-ken, 319-1195, Japan

Phone +81 29 282 5279 / E-mail: ikatsu@fsrl.tokai.jaeri.o.ip

Fracture toughness is an effective index for resistance against crack propagation in
brittle materials. JAERI has déveloped a test method to measure fracture toughness of
high burnup fuel cladding in a cooperative research between JAERI and Nuclear Fuel
Industreis, Itd. In this study, the fracture toughness test was applied to unirradiated PWR
claddings with excess hydrogen concentrations up to 800ppm for the temperature range
up to 400°C. The fracture toughness was evaluated as a J-integral value obtained from a
load-displacement curve of the test sample. _

Fracture toughness of the highly hydrided claddings decreases with the hydrogen
concentration increase at temperatures below 100°C, while it is nearly constant
irrespective of hydrogen concentration at above 100°C. It is considered that the higher
ductility of Zircaloy matrix controls the fracture toughness of hydrided cladding at higher
temperatures. In addition fracture toughness increases linearly with displacement at
maximum load irrespective of hydrogen content. Consequently, these two results indicate

that the fracture toughness strongly depends on the plastic deformation at the crack tip.
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Fracture Toughness Test
of Unirradiated PWR cladding

N. Ikatsu

Japan Atomic Energy Research Institute

Fuel Safety Research Meeting 2005
March 3, 2005, Tokyo

Background

penetrating crack ﬂﬁme@tatm crack

mydri@ .

One of sevaral cracks of outer surface is propagating into claddings.
The resistance against crack propagation is important properties for
estimation of cladding integrity.

Ll

Fracture foughness is effective indicator for resistance to cracking.

In this study, the fracture toughness of unirradiated cladding is
measured in order to evaluate the influence of hydride precipitation.
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TEST PROCEDURE

Fracture Toughness is evaluated with J-integral

PWR cladding with hydrogen absorbed
hydrogen content (20, 200, 400, 800ppm)

Cladding was cut bff as CT-shape specimen

Pre-cracking by fatigue

Fracture toughness test pre-cracking
temperature (20, 50, 70, 100, 150, 200, 300, 400 °C)
All pair of Hydrogen content and test temperature
Measurement of Load and Displacement

Evaluation of Jwirz&éeg{ai by Load and Displacement

Calculation of Fracture Toughness
calculation of J-Integral slope:Cex
ASTM-E1820-01 ; \l

A/ Pmax
Jmax = Jel + Jpl “
Je=Ki2 (1— v 2)/E
Jpi= 17 - Apl” (By - by) ‘
Ki=Pmax- f(ag/W).” (By - W)0-5
Apl=Atotal— Ael
Ael=(Pmax)2 (2 Cex)

Ki: stress intensity factor
v : Poisson ratio N
E: young module \ﬂ f

B, thickness of cladding v Pﬁmf
W

_ LOAD

b,: ligament length F 5
flay/W): function of sample dimension iao by

In this study, J-integral was calculated
as Jmax at the maximum load.
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Temperature dependence of Jmax

200
© 200ppm
® 400ppm
150 - @ 800ppm
bt 100 + e © @
g @
£ ® #
50
0 i i i 3
0 100 200 300 400 500

Test Temperature (deg C)

Jmax becomes larger with higher temperature up to 150°C.
Jmax is leveled off with higher temperature over 200°C.

Hydrogen content dependence of Jmax

250
> 20degC © 50degC
200 I O 70degC @ 100degC
& ® 150deg C @ 200deg C
—_ ) ® 300degC @ 400degC
£ 150
2z
X
3
£
£

200 400 600 800 1000
Hydride Precipitation (ppm)

Jmax becomes smaller with higher hydride precipitation (< 70°C)
Jmax is leveled off with higher hydride precipitation (=>100°C)

hydride precipitation was estimated frony hydrogen content and theoretical solid solubility fimit 8
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Discussion
0.4
High hydrogen content specimen y 3188%%9‘“
- at low temperature - /\//‘\
displacement at max. load is small o 02 i
- at high temperature S A
. . Ot gl
displacement at max. load is large zwgg(%(gf)pm
0 E X i
0 05 1 1.5 2

DISPLACEMENT [mm]

pe
Hydride: low ductility
Matrix:
high' ductility at high temperature
(matrix endure by ‘plastic deformation)

Jow ductility at low temperature
\ {matrix easily crack)

7 :
Hydride
Y~ Jmax = Jel + Jpl

side view
{cross sectior)

Jel o< Pmax?
Jpl o< Apl (= Atotal— Ael)

Maximum Load (kN}

_ Atotal o< Displacement X Pmax|

Temperature dependence of Load and Displacement

500 2.0
@
400 z e
E @
300 Yl &
Leh]
&
200 e
© 200ppm || & » 200ppm
100 + % 400ppm © : @ 400ppm
% 800ppm : @ 800ppm
B O i i 3 i DO E i i : 3
0 100 200 300 400 500 ¢ 100 200 300 460 500
Test Temperature (deg C) Test Temperature (deg C)

OTemperature < 200°C

Maximum load and displacement become larger with higher temperature
OTemperature > 200°C -

Maximum load become smaller with higher temperature

Displacement is leveled off with higher temperature
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Hydrogen content dependence of Load and Displacement

800 W 20degC O 5B0degC | 30 Do 20degC O B0deg C L,
e O 70degC @ 100degC O .70degC ® 100degC
: ® 150degC @ 200degC 55 @ 150degC % 200degC
® 300degC @ 400degC @ 300degC ® 400degC

3 g

o E 2.0

3] et

g T we G

c P @ % 1.5 © @

g # & Pie,

T 2

= o

0.5 093
i { 1 ! 00 1 ! 1 1
200 400 600 800 1000 0 200 400 600 800 1000

Hydride Precipitation (ppm) Hydride Precipitation (ppm)

open mark : temperature < 70 °C

» Temperature > 100°C

Maximum load and displacement is leveled off with higher hydride precipitation
» Temperature < 70°C

Displacement decrease is much larger than maximum load decrease

9
Displacement dependence of Jmax
& Jmax (200ppm, >50°C) |
% Jmax (400ppm, >50°C)
180 1 ® Jmax (800ppm, >100°C)
¢ Jmax (200ppm, 20°C)
® Jmax (400ppm, 20°C)
@ Jmax (800ppm, <70°C)
100 | * Jel
E
d
X
Ty
50 |
0 L i i
0 0.5 1 1.5 2
Displacement (mm)
Jmax of high hydride precipitation and high temperature
seems to increase linearly with displacement 10

— 149 —



JAEA-Review 2006-004

Summary

The results of fracture toughness test of unirradiated PWR cladding
with high hydrogen content are listed in below.

» Jmax does not decrease at high temperature.
- Jmax has good linear correlation with displacement.

Fracture toughness is influenced by the deformation of non hydrided region.

11
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4.Session 4 Fuel behavior under LOCA condition
Session 4-1

“The Fuel Safety Research Meeting 2005 ", Tokyo, Japan. March 2-3, 2005.

LOCA TESTING AT Halden

Second in-pile test in IFA-650 and preliminary PIE

E. Kolstad", W. Wiesenack?, V. Grismanovs”, B. Oberlinder®
" OECD Halden Reactor Project, P.O.Box 173, 1751 Halden, Norway
2 Institute of Energy Technology, P.O.Box 40, 2027 Kjeller, Norway

Abstract

The safety criteria for loss-of-coolant accidents (LOCA) are defined to ensure that the core will remain coolable.
Since the LOCA experiments performed in the 1970s, largely with fresh fuel, changes in fuel design, the
introduction of new cladding materials and in particular the move to high burnup have generated a need to re-
examine these criteria and to verify their continued validity. The Halden reactor is suitable for integral in-pile
tests on fuel behaviour under LOCA conditions. It is aimed to utilize BWR and PWR fuel rods irradiated in
commercial reactors to burnup levels over 80 MWd/kg, with a thorough characterization of the cladding and its
bonding with the fuel. There is an intention to include medium burnup fuel (40-46 MWd/kg) in the test series in
order to bridge the gap between the low and high burnup fuels.

The second trial experiment on LOCA was successfully carried out in May 2004. The test was performed with a
fresh pressurized PWR rod and consisted of a blow down phase, a heat-up, a hold at target peak clad
temperature (PCT) and termination by a reactor scram. The main objective was to achieve ballooning and
cladding failure to gain experience that will be used to run later experiments with pre-irradiated fuel rods. The
PCT of 1050°C was achieved and rod rupture occurred at 800°C as evidenced by rod pressure and elongation
measurements, as well as by gamma monitoring of the blow down line to the dump tank. The hold time above
900°C was ~6 min.

Pre-test calculations were carried out by VTT using the FRAPTRAN/GENFLO code. The code predicted the
maximum cladding temperature with good accuracy. Also the timing and temperature of the rod failure were

well predicted.

The rod with its capsule was gamma scanned at Halden and then shipped to the Kjeller hot cells for detailed
post-irradiation examinations (PIE). The gamma scanning showed pellet relocation slightly below the rod axial
mid-height (power peak) position. The PIE at Kjeller (on-going) has revealed ballooning and burst along the

same area, uniform clad deformation above and below the burst region and appreciable clad oxidation.
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institutt for energiteknikk
OECD HALDEN REACTOR PROJECT

LOCA TESTING AT HALDEN

Second in-pile test in IFA-850 and preliminary PIE

E. Kolstad, W. Wiesenack, V. GriSmanovs, B. Oberlinder

OECD Halden Reactor Project

Fuel Safety Research Meeting
Tokyo, March 2%-3, 2005

. ' -
File: FSRM-2005-V(r
7, 3
Institutt for energiteknikk
OECD HALDEN REACTOR PROJECT )

CONTENT OF PRESENTATION

» Background and objectives
Test facility and instrumentation
- Test rig and test rod
- Outer loop
Pre-test code calculations
Test execution and results
Preliminary PIE
Summary
Further plans

. )

Yile:  FSRA-2005-VGr
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Institutt for energiteknikk - . ",
OECD HALDEN REACTOR PRCJECT . ) )

NEED FOR LOCA STUDIES

The move to high burnup and the introduction of
new cladding materials have generated a need to
re-examine the safety criteria for LOCA and to
verify their continued validity. :

The in-pile tests in the Halden reactor will address
LOCA issues using ex-LWR high- bumup fuel

segments

_ | Y

Fite:  FSRA-2005-F0r

= N
Institutt for energiteknikk
Hﬁﬁ OECD HALDEN REACTOR PROJECT A
RESEARCH ON THERMAL-HYDRAULICS, CRITICAL
HEAT TRANSFER AND LOCA AT HALDEN REACTOR
1963-68 Experiments on natural convection flow instabilities
and dry-out limit
1965-72 . Dry-out experiments in natural convection flow channels
1979-83 Safety-related tests: Blow-down, heatup & quench
behaviour of nuclear rods and electric SImuIators
IFA-511: Thermal response studies
1982-85 Safety-related tests: Blow-down, heatup & quench
behaviour of nuclear rods and electric simulators -
IFA-54x; Ballooning and rod-to-rod interaction studies
1996-98 IFA-613: Short-term dry-out test series
\= Y

Filer  A3RAL-2005-VCr
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Institutt for energiteknikk
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BASIC CONCEPTS OF LOCA

+ 3 Phases:
- Blowdown (fuel/core uncovered), de-pressurisation
- Refill (ECCS systems start)
- Reflood (water level above core top)

« Timing: uncovery, quenching, long-term cooling

« After-effects:

fuel temperature rises - - > cladding oxidation and hydriding - - >
embrittlement (melting) of cladding - - > fuel fragmentation

- Safety criteria:

- Peak Clad Temperature (PCT) < 2200 F {1204 C)
- Oxidation of cladding < 17% of its thickness

« Rod swelling/ballooning may alter core geometry/coolability
-> Safety requirement:

Q\‘ :‘:iiit-x-lated geometry changes must still warrant core cooling )
7 <)
institutt for energiteknikk
m OECD HALDEN REACTOR PROJECT .
PHASES OF LOST OF COOLANT ACCIDENT
g Oxidation
«©
e
-
s
++3
Q.
g
§ Ballooning & Burst Quench
O
Power
Time, min '
N\ Y

Fite:  FSRM-20U5-VGr
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CREEP OF ZIRCALOY (MATPRO)

4 20s

t=1s

Cladding creep, %

i i

600 700 800 900

Ciad temperature, °C
s /ﬂ
File:  FSRAM-2005-VGr
Z N
Institutt for energiteknikk
m OECD HALDEN REACTOR PROJECT 8
OXIDATION OF ZIRCALOY IN STEAM (MATPRO)
i i T i H i
Timeins
20 - 80 1
£
=
2 15 .
oo
3
= 30
.“5’ 10 -
R
o
10
5 — v
! i I I ] |
600 700 800 900 1000 1109
Clad t ture, T,°C
%\ ad temperature /}’

File:  PSHM-2005-FGr
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SN

//;
. Institutt for energiteknikk
OECD HALDEN REACTOR PROJECT o

HALDEN LOCA EXPERIMENT (IFA-650.2)
(USNRC/EPRI/IRSN/EDF/FRAMATOM-ANP/GNF)

Primary objectives

+ Measure the extent of fuel (fragment) relocation into
the ballooned region and evaluate its possible effect
on cladding temperature and oxidation

+ Investigate the extent of — "secondary transient
hydriding”- on the inner side of the cladding above
and below the burst region

N 57
File:  FSRA-2005FGr .
7, B\
Institutt for energiteknikk o ) Lk
OECD HALDEN REACTOR PROJECT . . : 10

SETUP OF THE LOCA TEST

!n-pilfe Rig Dump Tank

- 1 liter

> 70 bar

« Forced / Natural
circulationof D,O . | - Gammamonitor |

- Heat rate: B
15-30 Wicm e

* Shielded

* Cooled

* Overpressure: 2-3 bar
* Level gauge

Blow-down line
©16 m fong
°6-9 mmiD
_ * Gamma monitor _
* Blow-down rate control

N\

File:  FSRM-2005-VGr
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Institutt for energiteknikk
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11

\\\

§———Fuel rod

l elongation detector

Outlet flow tube
~~ Pressure flask

Extra free volume
Coolant spray

3 Gladding TC (3 TCs 120° apar)

He-3 ¢oil
Electrical heater / Flow separator
Neutron detector (Co)

Neutron detector (V)

Inlet TC
Blow down/ infet flow tube

(7,

| SR SCHEMATIC OF IFA-650.2

: pressure transducer

Yile:  FSHA-206530r

7
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12

CROSS SECTION OF IFA-650.2

2 34 F!asls . Heater cable -

~Heater TC

295r0d

S

File:  FSR}-2003-8Gr
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(§ )
Institutt for energiteknikk
OECD HALDEN REACTOR PROJECT i3
ATTACHMENT OF CLAD THERMOCOUPLES
Thermocouple
N J
Tiler  PSRM-2005FGr
“\\\
i Instituit for energiteknikk
1 QECD HALDEN REACTOR PROJECT 14

N

PRE-TEST CODE CALCULATIONS

+ TRAC-BF1 code (PSl)
« FRAPTRAN = GENFLOW (VTT)

» SCTEMP and ALGOR (Halden)

Fibe:  FSRAL-2003-10r
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4 , B\
Institutt for energiteknikk
m OECD HALDEN REACTOR PROJECT 15
LOCA TRIAL RUNS: IFA-650.1
Test rod and instrumentation
Rod (Zry-4) lnstrumenfation
Length: 50 cm 3 Clad thermocouples
OD/ID: 9.50/8.36 mm . 1 Clad extensometer
Gap size: 70 um 1 Fuel thermocouple
Enrichment: 4 wt% U-235 1 Rod pressure sensor
Fill pressure: 2 bar He 2 Heater thermocouples
Free volume: 15 cm?
\\\” ?Ish?d pellets Y
s )
Institutt for energiteknikk
m OECD HALDEN REACTOR PROJECT 16

LOCA TRIAL RUNS: IFA-650.1

+ Blow-down tests at zero power
+ Power calibrations (reactor power ~18 MW)
» Trial runs (reactor power 5-6 MW)

Six test runs:

- 14 W/cm (rod) + 6 W/cm ( heater) (~ 830°C)
— 14 Wlcm (rod) + 6 W/icm ( heater) (~ 830°C)
— 14 W/cm (rod) + 12 W/cm ( heater) (~ 900°C)
— 25 W/cm (rod) + 6 W/cm ( heater) (~ 930°C)
— 25 W/cm (rod) + 18 Wicm ( heater) (~1030°C)
— 30 W/em (rod) + 20 W/cm ( heater) (~11 200(;)

\ )

File:  ESRM-20033CGr
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BYRYY INSTITUTT FOR ENERGITEKNIKK
qm? QECD Halden Reactor Project

IFA-650.1 CLAD TEMPERATURES

From: 200345/23 19:00
To 20030523 2368

1200 ] 1200
1100 F1100
—1— TCCY
10001 +1000
e Foem TOCB
~ 9001 p y ?fi # 1900 -
m 8{)0E ? {\\\ ﬁ 1800 m
E 700+ 700 2
s s
E 800 +600 E
= =
E 500 500 E_J
4004 400
300+ R F300
200*»————-;-—!} M M M H )t:% 200
1004 HUN 1 RUNZ2 BUN3 RUN4 RUNS RUNS 100
0 ! : ] ¥ p 0
TIME (hQIJI'S) m gmgm%o;wm&sm-Kx:«ms«:.ew:
7 )
Institutt for energiteknikk
m OECD HALDEN REACTOR PROJECT 18
LOCA TRIAL RUN: IFA-850.2
Test rod and instrumentation
Rod (Zry-4) » Instrumentation
Length: 50 cm 4 Clad thermocouples
OD/ID: 9.50/8.36 mm 1 Clad extensometer
Gap size: 70 um 1 Rod pressure sensor
Enrichment. 2 wt% U-235 2 Heater thermocouples
Fill pressure: 40 bar He (RT)
Free volume: 15 cm?3
Dished pellets
s ¥

Fite:  BSRM-2005-1Cor
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// Institutt for energiteknikk
OECD HALDEN REACTOR PROJECT

LOCA TRIAL RUN: IFA-650.2

+ Blow-down tests at zero power
« Power calibration (reactor power ~17 MW)
» Trial run (reactor power 8.6 MW)

One run:
22 Wicm (rod) + 17 W/em ( heater) (~1050°C)

\&
File:  FSRA-2005-V0r
7
Institutt for energiteknikk
m OECD HALDEN REACTOR PROJECT
IFA-650.2 Fuel rod power history
D21 e S — . —— 15
: R - Reactor power 2 7
L F-Fuelrod ALHR £
- L g o
: R 51 E
: | N o 3
L 1 =
: F /1
a 10p =
5 ] 5
S - R Ly @
2 o I g
g O 2
N \ ]
05 1 2 30
TIME (day)

.

File:  FSRA-2005-VGr
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Institutt for energiteknikk
OECD HALDEN REACTOR PROJECT o1
IFA-650.2 Neutron flux profile
150 et e . S SO —
§ 1401
CZ} 130- ND3: 1313 mm
=
<>f 1204
it ND2: 1150 mm
L 110‘
-
% 1004 , ND1: 987 mm
90 - ]
]
805 ) 7 s B 1 12
NEUTRON FLUX, arb.
N /
File: FoRA-2005-VGr
ot (INSTITUTT FOR ENERGITEKNIKK
OECD Halden Reactor Project
' From; 2004/05/28 14:00
IFA-650.2 LOCA TEST RESULTS To,  2004/05/28 15:00
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File:  FSRAL-2005-4Cr

— 162 —



JAEA-Review 2006-004

e )
Institutt for energiteknikk
m OECD HALDEN REACTOR PROJECT 23
IFA-650.2 Rod pressure and clad elongation
1+ttt ———t-80
e A
E 5 /E\"’”E 5
i i .
o [ -70 &
2 0+ )
=z s 1]
9 -51 lgn ¥
o | —P— PF1 180 5
o | —E—EC2 1 o
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T e e e < RS S S
200 400 600 800 1000 1 580
CLAD TEMPERATURE, °C
N )
Filer  FSRM-20G5-FGr
i INSTITUTT FOR ENERGITEKNIKK
({]H} OECD Halden Reactor Project
IFA-650.2 LOCA TEST RESULTS To 300410858 1455
B . ; ‘ 1200
Blowdown Fusl rupture | Rescior shiddoven
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File:  FSRM-2005-Vir
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25

Summary of 2" in-pile test in Halden (1)

+ Loop and rig, and rod instrumentation worked well

+ Target PCT ~1050 ©°C was achieved

+ Rod rupture was detected at 800 °C

« Hoop stress at failure: ~55 MPa

« Clad temperature increase rate: 7.8 °C/s

« Small azimuthally temperature variation: +/- 3 °C

« Holding time above 900 ©C: 6.5 minutes

» Water spray was applied intermittently above 900 ©C
+ Test was terminated by reactor scram

\ //

File:  FSRAL-2063-8Gr

7

Institutt for energiteknikk
OECD HALDEN REACTOR PROJECT

\\

§ 26

N . 24

IFA-650.2 Preliminary PIE (On-going)

» Gamma-scanning at Halden
« Detail PIE at Kjeller hot cells

- characterization of balloon (dimensions, shape)

- oxide thickness (axial distribution: inside/outside)
- hydrogen content in balloon area and its vicinity

Yile: FSRAL-2005-Vr
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Institutt for energiteknikk
OECD HALDEN REACTOR PROJECT 28

S /

File:  FSRAO0S3 Gr
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’ Institutt for energiteknikk
QECD HALDEN REACTOR PROJECT 29
SECOND LOCA TEST - PIE
270{?“”””“%@ .
Cladding cross-section
above the burst area
@
an®
File: P AR
(7 )
0 Institutt for energiteknikk
(l : ) QECD HALDEN REACTOR PROJECT %0
SECOND LOCA TEST - PIE
Oxide thicknesses above the burst region
404 G fpslside, 100x 404 Sluslside, 20x A04 G walseside, Wi
\\1\ 404 150 fumiside, 100x - 404 180 fuslside, 20x 404 180 waterside, 10D /

File: KSR 2003V Cr
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Summary of 2™ in-pile test in Halden (2)
Preliminary PIE results

- Fuel relocation detected by gamma scanning (Halden)

* Visual exams revealed balloon and burst at around
rod mid-height (peak power) position

* Length of clad burst ~ 35 mm

» Uniform deformation prior to burst 35-40% close to the
the burst opening

» Fuel fragments had fallen out. (In-pile/handling/ transport?)
« Oxide thickness: 25-40 um
Somewhat larger at OD. Decreased a little away from the burst

S )

Filer  FSRM2O03.FGr

Institutt for energiteknikk
OECD HALDEN REACTOR PROJECT

FURTHER PLANS AND TEST OBJECTS

+ Pairs of rods (50 - 80 MWd/kg, 40-50 cm length) from
commercial LWRs to be tested in PWR and BWR
conditions, suitable to address possible effect of axial
fuel fragment relocation

— when does it occur (heat-up, quenching)?
- does bonding prevent the movement of fragments?

* Include medium burnup fuel (~40 MWd/kg, less or no
bonding) to bridge the gap between low and high
burnup

+ VVER fuel envisaged for testing at a later stage
N )

File:  FSRM-2005-VGr

32
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Session 4-2

ANL LOCA Research Resulits for Cladding Alloys:
Zircaloy-2, Zircaloy-4, ZIRLO, and M5

M. C. Billone, Y. Yan, T. Burtseva, and H. M. Chung

Argonne National Laboratory (ANL)
Argonne, Illinois, USA

The ANL test program is directed toward providing LOCA-relevant data for unirradiated advanced-alloy
cladding, unirradiated Zircaloy-2 (Zry-2) and Zircaloy-4 (Zry-4) cladding, defueled high-burnup Zry-4,
and fueled high-burnup Zry-2 and Zry-4. The purpose of the advanced-alloy program is to determine the
post-quench ductility of ZIRLO and M5 alloys, as compared to Zry-4 oxidized and quenched under the
same time-temperature conditions. The Zry-4 and Zry-2 data also serve as baseline data for the
performance of fueled high-burnup segments subjected to LOCA integral and post-quench ductility tests.
The data are generated for assessment of the adequacy of USNRC licensing criteria (10 CFR 50.46) for
loss-of-coolant accident (LOCA) events. The criteria assume that cladding oxidized to <17% ECR at
<1204°C PCT will retain enough ductility to resist fragmentation during and following quench.

Room-temperature (RT) post-quench ductility results were presented at FSRM-2004 for 17x17 low-tin
Zry-4, ZIRLO, and M5 PWR cladding. Samples were exposed to two-sided steam oxidation at 1000,
1100, and 1200°C for test times corresponding to calculated ECR values of 5-20%. Oxidation was
followed by cooling at =10°C/s to 800°C and rapid quench to 100°C. The RT results indicated good post-
quench ductility up to >17% ECR for samples oxidized at 1000 and 1100°C. However, samples oxidized
at 1200°C exhibited RT embrittlement at <13% Cathcart-Pawel (CP) ECR (<17% Baker-Just ECR).
These 1200°C-oxidized alloys were retested at 135°C, which is assumed to be the temperature of the core
immediately following quench cooling. All three alloys exhibited significant enhancement in ductility at
135°C to >17% CP-ECR. The post-quench ductility of ZIRLO and M5 was higher than for Zry-4 at both
RT and 135°C. Thus, non-deformed, as-fabricated PWR cladding does retain enough post-quench
ductility to ensure ductile behavior during quench. However, irradiated cladding contains hydrogen,
which is known to enhance embrittlement by increasing the oxygen concentration in the prior-beta layer.

In order to study the embrittling effects of hydrogen, prehydrided (150-800 wppm) 17x17 Zry-4 samples
were oxidized at 1200°C to measured ECR values of ~8.5 and ~10.5%. At 135°C, the 8.5%-ECR samples
embrittled at <400 wppm, while the 10.5%-ECR samples embrittled at about 300 wppm. Clearly, more
tests are needed to map out embrittlement vs. oxidation level (ECR) and hydrogen content.

Four LOCA integral tests have been completed with high-burnup (=56 GWd/MTU) BWR fueled
segments. The 4™ test, completed just after FSRM-2004, included the full test sequence: pre-
pressurization, ramp in steam through burst to 1204°C, hold for 5 minutes at 1204°C, slow cool at 3°C/s to
800°C and quench to 100°C. Test #2 (without quench) and Test #3 (partial quench to 470°C) were also
run for the same oxidation time-temperature. These samples were sectioned to generate samples for
hydrogen and oxygen determination. The oxygen concentration peaked near the axial location at the
center of the burst and decreased from the burst center to the balloon necks, as expected. The secondary
hydrogen pickup was high in the burst region, peaked just beyond the burst region and decreased toward
the balloon neck regions. These results are consistent with JAERI results for irradiated and defueled
PWR cladding exposed to similar integral tests. However, they are qualitatively different from tests
conducted on fresh cladding filled with alumina or zirconia pellets. Prior to sectioning the Test #3 sample,
it failed at 3 locations during handling. SEM fractography of 2 of the failure surfaces indicated that brittle
failure occurred at multiple locations during the room-temperature handling.
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Post-quench ductility tests were also performed using pre-hydrided (300-800 wppm) 15x15 Zry-4 and
defueled high-burnup Zry-4. Both sets of samples were oxidized (two-sided) in steam at ~1200°C, cooled
at =8°C/s to 800°C and either quenched (all pre-hydrided samples and one high-burnup sample) or slow
cooled (five high-burnup samples). For the pre-hydrided samples, the hydrogen content was varied and
the ECR values were fixed at two levels: 5% and 7.5% CP-ECR. At 135°C, the 5%-ECR samples
embrittled at 600 wppm, while the 7.5%-ECR samples embrittled at =400 wppm. Irradiated cladding
samples were prepared from near the midplane (-40 to 100 mm) of H. B. Robinson Rod F07 (=64
GWd/MTU), oxidized in steam to 3% CP-ECR (Tmax = 1140°C), 5% CP-ECR (Tmax = 1185°C), 7%
CP-ECR (Tmax = 1204°C), and 10% CP-ECR (Tmax = 1206°C), and cooled without quench. The
corrosion layer thickness at the fuel midplane was 70 pm and the hydrogen content of the cladding was
measured to be 550+90 wppm. Ring-compression tests at 135°C indicated that the 3 and 5% CP-ECR
samples were highly ductile, the 7% CP-ECR sample was marginally ductile, and the 10% CP-ECR
sample was brittle. Metallography of these samples indicated that the corrosion layer was partially
protective giving an oxygen pickup and ECR less than predicted by the CP model for bare cladding.
However, it should be noted that low ductile-to-brittle ECR values are dependent on the ramp rate to
1204°C and the transient ECR accumulated at 1204°C. Only 2 of the samples tested reached 1204°C.

Additional samples were prepared from 320 mm above the midplane (=80-um corrosion layer; 545480
wppm H) and from 660 mm above the midplane (=95-pm corrosion layer and 800+£100 wppm H). Both
samples were oxidized to 8% CP-ECR (Tmax = 1206°C). The lower hydrogen-content sample was slow
cooled, while the higher hydrogen-content sample was quenched from 800°C to 100°C. The slow-cooled
sample was marginally ductile, while the quenched sample was brittle. It is reasonable to assume that the
ductility difference was more a function of hydrogen content than quench vs. slow-cooling. Quantitative
metallography of the slow-cooled sample showed a thinner outer-surface steam-oxide layer (20 pm) than
inner-surface steam-oxide layer (27 pm) and a lower-than-predicted weight gain leading to a measured
ECR = 5.8%. Although additional testing is planned, the preliminary conclusion is that the PWR
corrosion layer is partially protective with respect to steam oxidation and that post-quench ductility
results from prehydrided bare-cladding samples may be overly pessimistic for low ductile-to-brittle
transition ECR values.

LOCA integral tests are planned for fueled high-burnup PWR cladding to characterize ballooning and
burst, inner- and outer-surface oxidation in the balloon region at 1204°C, secondary hydrogen pickup in
the balloon region, oxidation in the beyond-balloon region, post-quench ductility and strength of the
balloon region (4-point-bend test) and post-quench ductility of the beyond-balloon region (ring-
compression tests). With the high hydrogen pickup during irradiation and the expected high secondary
hydrogen pickup during the LOCA event, it is unlikely that the balloon region will retain post-quench
ductility except at very low exposure times to 1204°C (e.g., very low ECR values). Additional one-sided
oxidation tests of defueled, high-burnup Zry-4 cladding are planned to generate post-quench ductility data
vs. BCR at 1000°C, 1100°C and 1200°C. These data will be directly relevant to the beyond-balloon
region of high-burnup PWR fuel rods with Zry-4 cladding.

High-burnup defueled ZIRLO and M5 cladding will soon become available for use in the ANL test
program, as well as high-burnup fueled M5 (=74 GWd/MTU) and intermediate-burnup fueled ZIRLO
(=50 GWd/MTU). The one-sided oxidation tests and the LOCA integral tests described for high-burnup
PWR Zry-4 will be repeated for these advanced alloys.
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ANL LOCA Research Results for
Cladding Alloys

M. Billone, Y. Yan, T. Burtseva and H. Chung
FEnergy Technology Division

Fuel Safety Research Meeting (FSRM-2005)
Tokyo, Japan
March 2-3, 2005

Argonne National Laboratory

A U.8. Department of Energy
< Office of Science Laboratory
Qperated by The University of Chicago

Background Information

®* ANL LOCA Program: Focused on Post-Quench Ductility

- Embrittlement T as oxygen content T in metal (prior-beta layer)
As-fabricated Zry-4: 0.12-0.14 wt.% O (similar for ZIRLO and M5)
RT-embrittlement occurs at =0.5 wt.% oxygen for Zry-4
135°C-embrittlement occurs at #0.6-0.7 wt.% oxygen for Zry-4

- Solubility of oxygen in prior-beta layer of as-fabricated cladding (low H)
0.24 wt.% at 1000°C, 0.38 wt.% at 1100°C, 0.58 wt.% at 1204°C

- Solubility of oxygen in prior beta vs. hydrogen (300-600 wppm)
>0.24 wt.% at 1000°C
>0.38 wt.% at 1100°C, #0.9 wt.% at 1200°C & =320-wppm-H (CEA)

Ring-Compression Ductility Screening Tests
- Permanent strain (pre-test Do — post-test Do)/pre-test Do
- Offset strain: derived from load-displacement curve

Nuclear
and Regutatory
Technatogy Commission
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E110 after 300 s and 1400 s at 1000° C

uctile or 7
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Oxide Layer
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Post-Quench Zry-4: 13% ECR at 1200°
Ductile or Brittle??
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%
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Post-Quench Zry-4: 7.5%-ECR at 1204°C (600-wppm-H)
Ductile or Brittle??
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Definitions of Offset and Permanent Displacements and

Strains for As-Fabricated 15 X 15 Zry-4
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Scope of LOCA-Relevant Research

* Licensing Issues Addressed
- 10 CFR 50.46 embrittlement criteria for maintaining residual ductility
in Zircaloy (Zry) cladding; temperature limit: PCT £ 1204°C,
oxidation limit: effective cladding reacted ECR £ 17%
- Confirm embrittlement criteria for high-burnup Zry-2 and Zry-4
- Compare post-quench ductility of ZIRLO and MS5 to Zry-4 vs. ECR
* High-Burnup Phenomena Investigated
- Fuel behavior and effects of fuel on cladding during a LOCA sequence
- Effects of corrosion, hydriding and irradiation on cladding:
Ballooning, burst, high-temperature steam oxidation,
Secondary hydriding, quench behavior and post-quench ductility

* Advanced-Alloy Cladding Phenomena Investigated

- ZIRLO and M5 oxidation kinetics (vs. Zry-4); E110
- ZIRLO and M5 post-quench ductility (vs. Zry-4); E110
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Summary of ANL Results

¢ Advanced Alloy Program (NSRC-2004, Billone)
- 1000 & 1100°C oxidation, slow-cooled to 800°C & quenched
Good RT ductility to >17% Cathcart-Pawel (CP)-ECR (Zry-4, ZIRLO, M5)
- 1200°C-oxidized, slow-cooled to 800°C & quenched (Zry-4, ZIRLO, M5)
RT embrittlement at *9% ECR (Zry-4) & #12% ECR (ZIRLO & M5)
Significant ductility improvement at 135°C (embrittlement ECR>17%)
Severe embrittlement (135°C) at <10% ECR for >300 wppm H (pre-H)
- Plan to test high-burnup ZIRLO and M5
¢ LOCA Integrél Test Results at 1204°C (NSRC-2004, Yan)
- High-burnup BWR Zry-2 (significant embrittlement in balloon region)
Non-uniform wall-thinning, 2-sided oxidation, high secondary H pickup
- High-burnup PWR Zry-4 (test details to be determined from data below)
Baseline ductility data for as-fabricated & prehydrided 15x15 Zry-4 rings
High-burnup Zry-4 data: rings oxidized at £1206°C to 3-10% CP-ECR

ngs Muciear B %,
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RT Offset Strain for 1200°C-Oxidatized

MS5 vs. Zry-4
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135°C Offset Strain for 17x17 Zry-4 Oxidized at 1200°C
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135°C Offset Strain for 17x17 ZIRLO Oxidized at 1200°C
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135°C Offset Strain for 17x17 M5 Oxidized at 1200°C
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135°C Offset Strain for Prehydrided 17x17 Zry-4
Oxidized at 1200°C
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LOCA Integral Test Sequence & Time
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igh-burnup Tests

alloon and Burst Regions for

1CL#: Ramp-io-Burst test conducted in
argon; slow furnace cooling

ICL#3: 5-min. oxidation at 1204°C followed by ICL#4: Full LOCA sequence (5-minute oxidation

quench at 800° C {quartz tube failed at 480° C) at 1204°C) with quench at 800" C
Nuclear
Reguilatory

Commission

Post-test Characterization for ICL#3 Specimen

60 O Strain of In~cell LOCA sample DCELH3, 12/12/03
e FEL#3 at 0° A\

T s O LS @t GO° M
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g 4 3 i ¥ ¥ ¥ v ¥
-5 -5 3 ~3 -2 -4 o 4 2 2 4 5 5]
Bistance from the Burst Center {in.}

40

Strain (%}

1.07

Wh s e
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Sample ICL#3 was broken at locations A, B and C during the sample handling before the
sectioning was performed at location D. ‘
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H and O Analyses of ICL#2 and ICL#3
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Summary of ANL Testing Program
for Non-Deformed 15 X 15 Zry-4 Rings

Baseline Data for Non-Irradiated 15 X 15 Zry-4 Cladding
- Weight gain (1204°C); PQD vs. ECR, H-content & test temperature
HBR Rod Selection (F07) and Characterization
- Gamma scanning, corrosion thickness, hydride morphology
- Hydrogen- and oxygen-content profiles (axial and circumferential)
HBR F07 Oxidation Test Samples and Results
- 25-mm-long samples cut and defueled from FO7 midplane (-40 to 100 mm)
- Two-sided steam oxidation tests conducted at *1204°C T, ., to
3,5,7, 8, 10% ECR without quench (550290 wppm H)
8% ECR with quench (800110 wppm H)
Post-Oxidation (POD) and Post-Quench Ductility (PQD)
- POD offset & permanent strains for ring-compression tests at 135°C
- PQD offset & permanent strains for ring-compression tests at 135°C
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Baseline Data for Non-irradiated 15 X 15 Zry-4 Cladding

* Weight Gain due to Steam Oxidation at 1204°C
- Thermal benchmark results with 3 TCs welded onto sample and holder
Subsequent tests conducted with 3 TCs welded onto holder above sample
- Data are in excellent agreement with Cathcart-Pawel (CP) correlation
Hydrogen content and quench have no significant effect on weight gain
Note 2 data points at about 8.7 mg/cm? : one with & one without quench
¢ Post-Quench Ductility of 1204°C-Oxidized/Quenched Zry-4
- Nonirradiated 15 X 15 Zry-4 cladding
Offset & permanent strains vs. ECR based on measured weight gain
Ductile-to-brittle trans. ECR: 8% at RT, 11.5% at 100°C, 14% at 135°C
Offset strain vs. ECR calculated with CP correlation: trend curves
- Pre-hydrided, non-irradiated 15 X 15 Zry-4 cladding; 135°C tests
5% CP-ECR: ductile-to-brittle transition H-content = 600 wppm
7.5% CP-ECR: ductile-to-brittle transition H-content = 400 wppm

Pioneering Nuclear &fu %
e Seiemes and Regulatory H w?
Yechnsiogy Commission ¥/

Temperature History for 1204 £10° C Steam Oxidation
of 15 X15 Zry-4 Post-Quench-Ductility Samples
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Weight-Gain Results for Nonirradiated 15 X 15 Zry-4
(0604 and 1204 Test Trains)

16
o As-received: " 10 wppm
0 Prehydrided: 300-800 wppm
® As-received: in-cell tests

12 -

o]

Measured Weight Gain, mg/cm?
A

0 4 8 12 16
CP-Predicted Weight Gain, mg/om?
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Ring-Compression Permanent Strain vs. Measured ECR
for 15x15 Zry-4 Oxidized at 1204 £106°C
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Offset Strain vs. CP-ECR for
As-Received 15x15 Zry-4 Oxidized at 1204 £10°C
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Post-Quench Ductility at 135°C vs. Hydrogen Content
for Prehydrided 15x15 Zry-4 Oxidized at 1204 £10°C
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Characterization of HBR Rod F07

Gamma Scanning of Middle Segment (C)
® Characterization, Oxidation, LOCA Sample Locations
- Metallography at 50 mm, 300 mm & 660 mm above fuel midplane
- H & O analysis at 25 mm, 320 mm and 650 mm above fuel midplane
- Oxidation samples at -40 to 100 mm above fuel midplane

* Characterization Results
- Fuel morphology: heat generation and T are not axisymmetric
- Metallography at +50 mm : oxide layer thickness = 715 pm
Cladding thickness = 712 pm
Hydride morphology: relatively uniform in hoop (8) direction
- H-content: 550490 wppm at -65 to -40 mm below midplane
- O-content: 2.08=0.19 wt.% at +35 mm above midplane
in good agreement with corrosion layer thickness for PB = 1,75
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Gamma Scan Results: Mid-segment (C) of HBR Rod F07
Note: Dips at Pellet-Pellet Interfaces Every =7 mm

HBR Rod FO7 Gamma Scan Resulis
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Sectioning Diagram for HBR Rod FO7 Segment C

A/G 607C: 33"-long

[y

0
i0

¥

aale (X0

A 4
¥

[N D XN

P
1.0

Fuel Midplane

G 607C7: 15”-long

TH TG 7 TE /DT TC B
‘o3 >
pAT 75 [ FEG 5 o 7o N

Oxidation & Characterization Samples
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Fuel Mosaic for HBR Rod FO7 Cladding at
=50 mm above Fuel Midplane
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Oxide Layer Thickness for HBR Rod F07 Cladding at
=50 mm above Fuel Midplane

OD Oxide: 71 5 wm
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Fuel-Cladding Interface for HBR Rod F07 Cladding at
=50 mm above Fuel Midplane

Fuel-Cladding Bond: =11%4 pm
(Remains after Defueling in RT HNO,)

Cladding

Fuel Rim Region
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'vdride Morphology for HBR Rod FO07 Cladding
at =50 mm above Fuel Midplane (Low Mag.)
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Hydride Morphology for HBR Rod F07 Cladding
at =50 mm above Fuel Midplane (High Mag.)
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New Test Train: Thermal Benchmark
Nonirradiated 15 X 15 Zry-4

esults for

Thermal History of In-Cell Oxidation Tests with New Test Train (12/29/2004)
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Post-Oxidation Ductility of HBR Cladding at 135°C:
8% CP-ECR Sample

8% CP-ECR with T = 1206°C Prior to Cooling

- Note: sample from =320 mm above midplane (74 pwm corros. layer)

- Post-test hydrogen: 54580 wppm (2-mm rings sides of sample)

- Metallography
Outer-surface: steam oxide layer =20 um, alpha layer =27 um
Inner-surface: steam oxide layer *26 um, alpha layer 25 pm
Quant. Met. =2 WG = 4.7 mg/cm?, ECR = 5.8% vs. 8% CP-ECR
Compare to pre-H (600 wppm) Zry-4: 6.3 mg/cm?, 7.5% ECR
Clearly establish partial protection of corrosion layer

- Ring-compression ductility = 3.8% offset strain, 2.9% permanent strain

- Assessment: low ductility
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Hydride Morphology of Slow-Cooled 8% CP-ECR Sample
Prior to Steam Oxidation
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Post-Test vs. Pre-Test Visual Appeamnce of Sample
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Metallography of 8% CP-ECR Sample — Outer Surface
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Metallography of 8% CP-ECR Sample — Inner Surface
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Metallography of 7.5%-ECR Pre-
Zry-4 Sample
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Comparison of Metallography for 8% CP-ECR HBR and
7.5%-ECR Pre-Hydrided Zry-4
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easured vs. Predicted Average Alpha Layer Thickness
Preliminary Results for (OD+ID)/2 Alpha Layer
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CP-Predicted Alpha Layer Thickness, um

Huclear
Reguiatory 5
Compission

Post-QUENCH Ductility of HBR 8% CP-ECR Sample

&

Axial Location of Sample 660 mm above Midplane
¢ Corrosion Layer =95 pm
Post-Quench Hydrogen Content = 800110 wppm

- Consistent with hydrogen contents for A02 (750+90) & RO1
(770:£125)

. Consistent with hydride morphology
¢ Post-Quench Ductility =0%
* Comparison to Slow-Cooled 8% CP-ECR Sample
- Higher hydrogen content sufficient to embrittle sample at 5.8%
measured ECR

- Currently, no mechanism can be identified to decrease ductility by
quenching from 800°C
- Slow cooling from 800°C should enhance embrittlement by allowing
—more-time-for-hydrides-to-precipitate-at-prior-beta-interfaces. — e

Pinnsaring ticlear A
Geiencs and Regulatory e;\ i i
Fuchyology Corwmission NS
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ydride Morphology of Quenched 8% CP-ECR Sample
rior fo Steam Oxidation

95-um Corrosion Layer
800110 wppm H

Nuclesr
Reguiatory
Commission

ffset Strain) at
urnup Lry-4 Cladding

135°C vs. CP-ECR for High-

60
B 550 90 wppmH, Tmax = 1140°C
A 550290 wppmH, Trmax = 1185°C
@ 550 90 wppmH, Tmax =1204°C
50 @ 550 % 90 wppm H, Tmax = 1206°C
‘ X 545+ 80 wppm i, Tmax = 1206°C
¥ 800 % 110 wppm H, Tmax = 1206°C
e 40 -
£
8
530
§
=
Quenched from 800°C
7
10 ' o
0 2 4 6 12

Predicted (CP) ECR, %

Nuelsar
Regulatory
Comnission
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Post-Quench Ductility at 135°C vs. Hydrogen Content

for Prehydrided 15x15 Zry-4 Oxidized at 1204 £10°C

70
& 15x15 Zry-4 at 5% ECR

60 - © 15x15 2ry-4 at 7.5% ECR
X
=4
g
)
W
L —d
@
5

G5#4
PO
0 200 400 600 800 1000
H Content, wppm
& Plonsaring Nuclear . ”4"3’

Discussion of Results for High-Burnup HBR Cladding

® Characterization of As-Irradiated Rod F07 Cladding
- Reasonable to assume ductility data correspond to =550 £90 wppm H
for 3, 5, 7 and 10% CP-ECR samples cut from near the midplane
- 8% CP-ECR samples
Slow-cooled sample from 320 mm above midplane (545= 80 wppm)
Quenched sample from 660 mm above midplane (800110 wppm)
* Effects of Corrosion Layer on Steam Oxidation Kinetics
- Corrosion layer
Source of oxygen for growth of alpha layer & O-increase in beta layer -
Partial protection from steam oxide growth (ID > OD oxide layer)
- Metallography of 8% CP-ECR sample - 5.8% measured ECR
* Post-Oxidation & Post-Quench Ductility Results
- Appear consistent with pre-H Zry-4 in terms of measured ECR

Fiansering Nutlear P <y
) Seience and . Regulatory I Rl ¢
Techaoingy

Commission WX
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Future Plans

* Post-Quench Ductility of High-Burnup Zry-4

- I-sided oxidation tests
T, = 1204° C,1100° C & 1000° C
Fast ramp to T, - 50° C, slower ramp to T,
CP-ECR =3, 5,7.5, 10% at 1204° C; 5, 7.5, 10% for 1000 & 1100° C
Run tests without quench at 800° C; repeat one test with quench
Ring-compression tests at 135° C & 100° C
(CEA-EdF-FANP baseline data for prehydrided Zry-4 are desirable)

- LOCA integral tests
1 test to burst with slow cooling => balloon-burst characterization
3 tests at 3, 5, 7.5% CP-ECR in non-ballooned region (TBD)
4-point-bend test (RT), ring-compression tests at 135° C & 100° C

Huclear

™
Reguiatory  { 3
Commission T 8

Future Plans (Cont’d)

* Post-Quench Ductility of High-Burnup ZIRLO
- Perform oxidation-quench-compression test matrix used for Zry-4
ZIRLO from North Anna = Studsvik 2 ANL
1204° C, 1000° C & 1100° C tests

- Perform LOCA integral test matrix
Fuel at =50 GWd/MTU (<62 GWd/MTU)
* Post-Quench Ductility of High-Burnup M5
- Perform oxidation-quench-compression test matrix used for Zry-4
European M5 = Studsvik - ANL
1204° C, 1000° C & 1100° C tests
Baseline data on nonirradiated, prehydrided M5 desirable (135° C)
- Perform LOCA integral test matrix

Fuel at =50 GWd/MTU
Pionerring Nuclear ?f‘im‘%‘
A Bedepes and g:g:::l::}i . «x w}

Technology Semer
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Session 4-3
HIGH BURNUP FUEL BEHAVIOR UNDER LOCA CONDITIONS

Fumihisa Nagase
Fuel Safety Research Laboratory, Department of Reactor Safety Research,
Japan Atomic Energy Research Institute
Tokai-mura, Ibaraki-ken 319-1195 Japan
Phone +81 29 282 6386 / E-mail nagase@popsvr.tokai.jaeri.go.jp

A systematic research program is being conducted at the Japan Atomic Energy Research
Institute (JAERI) in order to evaluate the influence of burnup extension on fuel behavior
under LOCA conditions. Various data have been obtained regarding oxidation rate,
ballooning/rupture behavior and fracture during quench. Pending questions, however, remain
in studies on high burnup fuel behavior during LOCA. This paper summarizes the information
which has been clarified in the JAERI’s program and the subjects to be solved.

It has been shown that both rupture strain and temperature are affected by hydrogen
absorption. These hydrogen effects can be explained by alterations of phase transformation
temperature and cladding strength with hydrogen concentration. On the other hand, neutron
irradiation and corrosion have negligible effect on ballooning and rupture behavior.

Corrosion layer formed during the reactor operation has a protective effect on high
temperature oxidation under LOCA conditions. The effect becomes smaller with increase in
both the oxidation temperature and time. In addition, the protective effect may not be
expected in ballooned claddings since corrosion layer cracks during the ballooning.

The Japanese criterion on fuel safety for LOCA is based on a fracture/no-fracture threshold of
oxidized cladding which was experimentally determined under simulated LOCA conditions.
In order to evaluate the fracture threshold of high burn-up fuel rods, JAERI performs integral
thermal shock tests simulating LOCA conditions. The numerous tests with unirradiated
claddings showed that fracture threshold in terms of the oxidized fraction decreases as both
the initial hydrogen concentration and axial restraint load increase. The threshold is higher
than 20% cladding oxidation, and is irrespective of the hydrogen concentration when the
restraint load is below 535 N. Six tests were recently performed with PWR fuel rods,
irradiated to 39 and 44GWd/t (rod average). It was revealed that the fracture threshold is not
reduced so significantly by irradiation to the examined burnup level.

The following subjects are to be investigated in order to promote a better understanding of
high burnup fuel behavior and to evaluate safety of the high burnup fuel properly.

e Transient secbndary hydriding in irradiated claddings,
e Effect of further burnup extension and use of new alloys, and

e  Test methodology to evaluate cladding performance and safety in LOCA.
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Fumihisa Nagase

Japan Atomic Energy Research Institute

Fuel Safety Research Meeting
Tokyo, Japan
March 2-3, 2005

Objective

promote a better understa‘nding’ of high burnup fuel
behavior during LOCA for regulatory judgment

Approach

investigate influence of burnup | Oxidation
extension (increasing corrosion,
hydrogen absorption and irradiation)
on

Embritilement

Temperature

- Oxidation kinetics g Guonching
- Ballooning / Rupture |
- Embrittlement of cladding

(Fracture during quenching) =~ 1

Time
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* Integral test with short test rod
- simulate the LOCA sequence |
- examine all the behavior including ballooning,
rupture, oxidation and fracture

< Separate-effect tests with small specimen
- on oxidation rate
- on cladding embrittlement

with non-irradiated cladding (preuhydg'idé&? or pre-
corroded) and irradiated cladding from spent fuel

This presentation will try to discuss

v What has been clarified?
S

Jhat should be investigated?

 on high burnup fuel behavior under LOCA
conditions

. with information obtained from JAERI’'s
program.
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100
L
80 | ‘
Protective effect of corrosion layer pre- 60 | //f
formed in reactor AT
at lower temperatures for shorter time range 40 | /
(Local oxide growth at cracked position) 20| 1273 K
] s 0 ! & A 4 £ 4 3 s I} 1, 5 3 i 3
1273 K T 150
7% ECR | — » B -
i = 100 } e
Meta  Odeler g 10 //‘
> 5 50 1373 K
o
=

Decrease of protective effect
as temperature and time increase 200
(Uniform growth of oxide layer) O 48GWd/t PWR cladding
150 | A Fresh cladding

1373 K 100 | e
7
19% EC 50 T 1473 K
0 i 3, i i, i X 1, £} 3 §3 X, 3 4 3
10 20 30,

Calculated ECR with B-J (%)

c
O
w g 160 -
2= o %
£ 9 120 | °.a ©
= y O
S e © 0o
I 80 O Ol
) @ o
E 25 ) q&o -
w5 a0 - @50 @ |irradiated
Qo fgf%g/ O unirradiated
N ©
i i i i i i i

0
0 10 20 30 40 50 60 70 80
ECR (%)

« Oxide thicknesses are in the same range in
unirradiated and irradiated specimens. Effect of
corrosion layer was not observed.

« Small cracks can be seen in the pre-formed oxide
layer. The cracks may reduce the protective effect
of corrosion layer.
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= — a - '4(30%”3‘) B » Data from tests with

@ 40 | ARSI PR unirradiated specimens in two
£ ° o | ®100-350ppm | different hydrogen ranges

£ LI B O 800 - 1420ppm | (Other conditions including

.g 20 | gf*",.!a °® initial pressure are the same)
@ 00, dgPo | . ) o

8 f; @, 0" / wHigher circumferential increase
5 @ 0 e g B in less hydrided cladding

8 o LIPhase change (1000ppm) - PEBEKA ot

Py o ” experimen

G s7s 973 1073 1173 1273 B, e,

Rupture temperature (K) % : h hS“:(MM
(D b

* The Increase depends on rupture o 15(‘):

temperature, hence, on phase structure at = 100 20

rupture. % ;
» Phase transformation temperatures change 3 50¢[ ’ 1K/s 10

with hydrogen concentration. £ -« o+p B

8 O i i X ] T ]

#Rupture behavior, increase of circumference, & 1073 1273 1472

depends on hydrogen concentration. Burst Temperature (K)

& 16

O:) O | Unirradiated, hydrided

3:, %‘ @ | Irradiated 1
i}

g ';;; 14 @) 8%

(& Bt

w ) ‘@O O

g‘a’ 1..2 - {) ) {:2(3 Q -

o 2 .

® O )

5

£ 1.0 .

873 973 1073 173 1273
Rupture Temperature (K)

* Visual appearances are similar to those in
unirradiated specimens.

* Increase of circumference depends on
rupture temperature. Results from irradiated
specimens are equivalent to those from
unirradiated samples with similar hydrogen
concentration.

Radial cross section at rupture position
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Oxidation kinetics

» Corrosion layer has protective effect for oxidation under
LOCA conditions, but it may be negligible in safety analysis.

o Effect of hydrogen absorption is smaller than 5% for the
concerned conditions (<800 ppm, <1800 s)

Ballooning and Rupture behavior

* Increase of circumference due to ballooning is affected by
hydrogen absorption.

» Rupture temperature may be somewhat decreased with
increase in hydrogen concentration, because strength of
Zircaloy is reduced by hydrogen absorption.

0.8 -
As-received (Non-hydrided) A ved Oxidized and
1473 K 10% ECR S-recewe quenched under
0.6 Q4 LOCA conditions
(Calculated 3 Hvdrided
with B-J) yanae
0.4} Ring compression test
0.2 i 15% ECR Cross head disp!acg@fmt
20% ECR —
G 2 2 & £
1473 K
&
06l T5%ECR
As-received
0.4
71 400 ppgn 5
0.2} b | Embrittlement of oxidized cladding
/| 800 ppm is enhanced by pre-hydriding
e # Possible reduction of fracture

0 l s »
0 0.4 0.8 1.2 1.6
Cross head displacement (mm) 2

ondition 9
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» Establishment of criteria ('75)

@ Oxidation test of burst cladding

<L

accompanied by significant

@Ring
compression
test of
oxidized
cladding

criteria

Zero-ductility .

hydrogen absorption

Finding of “Inner surface oxidation” ||

® Ring compression test of burst and
oxidized cladding

Cladding embrittlement enhanced by
hydrogen absorption

» Revision of criteria* (°81)
{me’tg for cladding oxidation, 1200°C and 1 5%)

Burnup extension

@ Integral thermal shock test
'99-)
» Pre-hydrided
+ High burnup cladding
¢ Realistic restraint condition

@integral thermal shock test

* Fresh cladding

quench (Fu‘ijy restrained)

Confirmed safety margin

» Ruptured, oxidized and quenched
» Considering axial restraint during |

Load cell

. . , 2000 1000
< — Grabbing device {3} Isothermal oxidation
team w feiins] {4} Furnace off
outlet £ 1500 M}sg Axial restraint 800
Quartz o 4 Yoo oinitiated
tube = ,f 2 Kt < 1 600
§ 1000 JrmTame ! 400
= (1) Heatup  (6) Reflooding
Infrared 2 500 j{Tempemmm} : 1 200
furnace (Aiai foad) _J
Equipped on 0 ’ ‘ ' t 0
tonsitt oeting 0 100 200 300 400 500 600
machine Time {s)

* Consequently, limits for cladding oxidation remained unchanged.

Restraint load
control system

> £ <=
Steam inle looding water inlet
Cladding length: gnd positions.
180 10 800 mm
{ 3 o] 3 1 [}
A Qe \' A
>\ >\
Welded  TC Welded
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*» Test rod is quenched with axial restraint to
represent a possible condition of fuel rods between

» Maximum tensile load is limited up to ~540 N. The
*540 N” is based on measurement of resistant load
between deformed or chemically interacted
cladding and spacer grid (K. Homma et al., 2001). 11
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40 @

RESURE
‘\O ® % (a) 390N = (b) 535 N
0 [ 0% e 0 g
3 g ‘\‘ C’ o . Q~)~~‘~‘, @
- B0 - = - R o ®
20 F O OO0 . OO0 o Y
! O © 20 ! ogoO @
10 @ Fracture 10
- O No-Fracture 5
0 1 k1 1 ) i £ i3 i 3 § 3 i i 3 O 3 5, i H i i 3 i 5, i 3 3, I
0 500 1000 1500 O 500 1000 1500
Hydrogen concentration (ppm) Hydrogen concentration (ppm)

* The fracture threshold decreases as both the initial hydrogen
concentration and axial restraint load increase.

« Under the realistic restraint load condition, the threshold is higher
than 20% ECR irrespective of the hydrogen concentration.

ECR was calculated with the Baker-Just equation, based on reduced cladding thickness 12
after ballooning measure at rupture position

Irradiated cladding
A Survived A Fractured 17 x 17 Type PWR cladding
Unirradiated cladding
O Survived @ Fractured | Cladding material : Low tin Zircaloy-4
L
o @53 ® o Rod average burnup: 39 — 44 GWd/t
o R |
10 F © Estimated corrosion layer thickness:
540N 15~ 25 um

Estimated initial hydrogen content:
0 500 1000 1500 120 - 210 ppm

Initial hydrogen concentration (ppm)

Test rods were quenched under restrained condition. Maximum restraint load
was about 540 N.

The present result indicates that failure boundary is not reduced significantly
by PWR irradiation in the examined burnup level.

%
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Microstructure ~1400 }
X
change B E«
% ::3 1200 ' 0 ppm Hydrogen
8 o ’ 3@92:221? -
Bl B1000 L N
i £
W
= 800 s ,
& 0.00 0.05 0.10
s OlZr ratio
| Phase boundary shift to higher oxygen

Accumulation of concentration with increase in hydrogen

hydrogen in beta phase. | ¥ content
(Much higher solubility) (Cooperative research with Osaka Univ.)

indirect influence
Increase of oxygen concentration
in alpha phase
— Reduction of ductility M

Direct influence
Distribution of very fine
hydrides in prior-beta layer

£ 3000
o Unirradiated
£ 2500 I 1469k 27%
= i Yg,egi( 28%
g 2000 o /,»3\\
| 1cm | 8 1500 F o,
5 Irradiated |
© 1000 |
Hydrogen concentration &

1. 1450 ppm & 500 [ 1368K 23% B/ 145K 26%

2. 1850 ppm o . . .

3. 840 ppm £ 0

. PP -80 -40 0 40 80

Distance from rupture position (mm)

* The transient ’secondary hydriding is localized at 30 to 50 mm from the burst location in 15
unirradiated claddings. More towards the burst location in irradiated claddings?
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* investigate transient secondary hydriding in
irradiated claddings

* investigate effect of further burnup extension
and use of new alloys

— 204 —
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integral tests with

- 63 to 79 GWd/t PWR cladding (ZIRLO™ , M5,
MDA, NDA)

- 63 GWd/t BWR cladding (Zircaloy-2)

Burnup: Rod average

MDA Zr-0.85n-0.2Fe-0.1Cr-0.5Nb
developed by Mitsubishi Heavy Industries, Ltd

NDA: Zr-1.08n-0.27Fe-0.16Cr-0.1Nb-0.01Ni
. developed by Nuclear Fuel Industries, Ltd.
and Sumitomo Metal Industries, Lid.

- develop or modify test methodology to evaluate
cladding performance and safety in LOCA

= 205 —
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* Integral test is best to evaluate the fuel behavior as well

as safety. However, it needs much work and time.
« Are mechanical test substitute for integral test?

» Ring compression test is simple and can produce
numerous data, but
»  Well-defined ‘Zero-ductility’, and
» Standardization of test methodology
are needed.

« Stress condition should be considered on adopting
mechanical tests for predicting cladding embrittlement.
For example, ring tensile test cannot predict ‘Zero-
ductility’ above 15% ECR.

With flat surfaces With dented surfaces At quénch

Crack initiates from Crack initiates from

Ductility

.

ECR

Load

Fractured?

Displacement

Compression at inner surface and
tensile at outer surface

internal surface external surface (Circumferentially uniform) 20

v A systematic research program is being cohduct@d at JAERI
for evaluating high burn-up fuel behavior under LOCA
conditions.

v' Data are accumulated for the influence of burnup extehsion
on oxidation kinetics, rupture behavior and cladding fracture
during quench.

v Recent tests with irradiated PWR cladding (39 to 44 GWd/t)
indicated that failure boundary is not reduced significantly by
PWR irradiation in the examined burnup level.

v Unresolved questions and subjects remain regarding transient
secondary hydriding, effect of further burnup extension, test

methodology. 21
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5.Session 5 Radionuclides release under severe accident condition
Session 5-1

VEGA Program; Experimental Study on Radionuclides Release from Fuel

Tamotsu KUDO
Fuel Safety Research Laboratory, Department of Reactor Safety Research,
Japan Atomic Energy Research Institute
Tokai-mura, Ibaraki-ken 319-1195 Japan
Phone +81 29 282 5954 / E-mail kudo@sarl.tokai jaeri.go.jp

To promote a better understanding of radionuclides release from reactor fuels during
severe accident, an experimental program VEGA (Verification Experiments of
radionuclide Gas/Aerosol release) has been conducted at Japan Atomic Energy Research
Institute (JAERI). In the VEGA program, both of UO, and MOX fuels were subjected to
experiments with high temperature conditions up to 3150 K and with an elevated
pressure up to 1.0 MPa. Ten tests have been performed in order to study and clarify
effects of pressure, high temperature resulting in fuel melting, atmosphere, and MOX.
- Release at elevated pressure
The cesium (Cs) release is suppressed at elevated pressure condition in comparison
with atmospheric pressure. The reason for this suppression of release is that diffusion
velocity of Cs in open pore decreased at elevated pressure comparing with
atmospheric pressure. The decrease of diffusion velocity causes the increase of the
Cs concentration in open pore. Then, the concentration gradient in the grain became
small and it suppressed the release.
- Release at high temperature
The Cs release at temperature above 2800 K was enhanced in comparison with that
at lower temperature. Although melting point of UO; is about 3100 K, the enhanced
release of Cs occurs at temperature below that.
- Release in oxidizing atmosphere
The release of Cs from the fuel in steam condition was slightly higher than that in the
He inert condition. Since concentration of interstitial oxygen in the fuel is elevated
under the steam condition, resulting higher concentration of vacancies may cause
faster diffusion of Cs in a fuel grain. Release of ruthenium (Ru) under the steam
condition was obviously greater than that under the He inert condition. The reason
for this release enhancement is formation of volatile Ru oxide.
- Release from MOX fuel
Pu release at above 2800 K was higher by nearly three orders than that in lower
temperature. The enhancement of Pu release could be connected with softening and
melting of the MOX fuel.
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VEGA Program;

Experimental Study

Tamotsu KUDO

on Radionuclides Release from Fuel

Japan Atomic Energy Research Institute

Presented at Fuel Safety Research Meeting 2005
March 3, 2005, Tokyo

Introduction

Radionuclides release from fuel during severe accident

- Technical bases for safety evaluation

Pressure [MPa ]

b
o

i
fe=d

=4
Y

X Pre-existing data: atmospheric press

below 2900K

f VEGA
! | L

2000 3000

Temperature [K]

Data for radianué!ides release from MOX
or influence of atmosphere: limited

ire,
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VEGA

To promote a better
understanding of

radionuclides release
from reactor fuels

Pressure: - 1.0MPa
Temp.: - 3150K

Atmosphere:He,
Steam

Fuel: UO,, MOX
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"~ |Schematics of VEGA facility

v detector

Fuel one  AiAbout-2300K

(Fuel temperature) }-jﬂ =8

-
Coo
Gas Furnace

Gas Trap

" Thermaf

oner ccient Tubes
conditions 1200
1006 -
2 800 - N
g 600 \\»\
&= P
2 400 \
, -
200 : ‘ e
« Aerosol materials deposition — ggfgﬁa“é
0 trap
2
VEGA test conditions
Pressure
0.1MPa 1.0MPa
\/EGA 1 +«— Press. » VEGA-2
— | Atmospher
o 2800K g% phere VEGA-5 [re-irradi.
L. VEGA-4 [steam] steam
G steam 1 VEGA-7 [ - }
g‘_ VEGA-6 (re irradi. re-irradi.
o VEGA-3— Temp. |
g VEGA-8
© | 3150K f
= MOX
$ r
VEGA-M1 [MOX] VEGA-M2 [MOX]

Tests without notes were performed using no re-irradiated UO, fuel
under He inert condition.
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Release at Elevated Pressure
3000 1
- i
b o
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Release in oxidizing atmosphere 12

100 \VEGA-1 Frac. Rel.| | 4000
= Helium — «—y VEGA-4 Frac. Rel.,
& 80 Steam 2,

] ; ]
@ VEGA-4 Temp.| 3000 =
L 60 . — - 8
= e fj \\\ g
T‘G - &
c 40 =
:S ey § 2000
Q ;f VEGA-1 Temp. | >
S 20 =
L LL
&)
0 - 1000
0 50 100 150
Time [min]
Atmosphere |Crucible material
VEGA-1 |  Helium W In the steam condition, heat up rate was
decreased, because thoria is weak in
VEGA-4 S;Zi?: Tho, thermal shock.

Release in oxidizing atmosphere 22

Cs

Steam condition

Elevate conc. of
interstitial oxygen
i
Higher conc. of

~ vacancy

]

‘2‘/['
Faster diffusion of

Cs

2800 2400 oo '2500 1800
2200

£ 1LE-01 e :

@ 5

;g A

o€ " | Steam:VEGA-4

W E

o~

O et

@ - H

© He:VEGA-1

: 8

(3]

o 1.E-02 ' ‘

3 4 5 6
Reciprocal Temperature [ X 107/K]
Helium Steam
VEGA-1 | VEGA-2 | VEGA-3 | VEGA-4 | VEGA-H
Nuclide| 77y | 2800K | 2800K | B3150K | 2800K | 2800K
energy 0.1MPa 1.0MPa 0.1MPa 0.1MPa 0.1MPa
[keV] Frac. Rel. Frac. Rel. Frac. Rel. Frac. Rel. Frac. Rel.
[%] [%] [%] [%] [%]

Cs—-137 562 86 61 100 93 93
Ru~106] 512 5

— 212 —




JAEA-Review 2006-004

Release from MOX fuel 12

Conditions
Test No. VEGA-M1
Fuel ATR/MOX about 25g
without cladding
Burnup 43GWd/tHM
End of irradiation Jan,, 1997
Initial Pu enrichment 5. 7wth
Characteristic of fuel Volume rzt;a?: Pu spot:
Maximum temperature About 3150K (20 min)
Heat up rate 60K/min
Atmosphere He, 0.1MPa

Evaluation of fractional release

y-ray measurable elements: |, .ray measurement of fuel
before/after heat up test
y -ray non-measurable elements :
Acid leaching Cs removal [ ICP-AES
of piping <

Pu separation ) a-ray measurement

Release from MOX fuel 2

102
= VEGA-M1 ¥ Pu fractional release
r(—; [
‘é_: 1 2 *Previous data:0.09%
o 1000 A (ORNL. -2440K)
L B Q
c il ~ *VEGA:2%
2 - 2 ]
o S Pu fractional releases at
ch 10'H —~ M H H —H X oo A(=2300K), B(2300 - 2800K),
= a 3 C(>2800K) were estimated
Sqozl] L1 1] ] L {}
‘g <
- il
103 Ll : Pu release above 2800 K
Cs Sb Sr Ba Ru U .
ey % yray 10p \ars 44, was higher by nearly three
orders than that in lower
temp.

Are there any differences in radionuclides release between MOX and uo, ?

Compare with VEGA-8 (UO,) — ICP-AES and «-ray measurements will be performed
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Conclusions 12

@® Results from VEGA tests contribute to improvement
in the precision of the source term.

> Effect of pressure: Cs release is suppressed at elevated
pressure condition in comparison with atmospheric pressure

> Release on high temperature: Cs release at temperature
above 2800 K was enhanced in comparison with that at
lower temperature. Cs release is accelerated from foaming
fuel which is not reached melting point.

D> Effect of atmosphere: Release of Cs from fuel in steam
condition was slightly higher than that in He inert condition.
Higher concentration of vacancies by fuel oxidation may
cause faster diffusion of Cs in a fuel grain.

Release of Ru under steam condition was obviously greater
than that under the inert condition, because volatile Ru
oxides were formed. 10

Conclusions 22

D Release from MOX: The fractional release of Pu
above 2800 K was enhanced in comparison at
low temperature

— In order to confirm whether there are any differences in
radionuclides release between UO, and MOX, we will
analyze the acid solution leached from piping and filter
of VEGA-8 (UO,, almost same condition with VEGA-M1)
using ICP-AES and a-ray measurement.

@® Since the original purpose has been achieved,
the VEGA program is finished in this fiscal year.

11
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Session 5-2

Post-VERCORS needs for analytical experiments on fission-product release
M.P. Kissane, B. Clément, R. Dubourg, P. Giordano

Institute for Radiological Protection and Nuclear Safety (IRSN),
Major Accident Prevention Division (DPAM),
B.P. 3, 13115 Saint Paul lez Durance, France

Abstract

The final tests of the fission-product release experiments VERCORS RT and HT were
performed in 2002. These tests represent the culmination of fission-product release
expenments that started in 1983 with the HEVA programme’, continued with the VERCORS
programme? before the HT then the RT series started in the mid-1990s. HEVA and the three
VERCORS series represent a total of 28 tests. The results of all these experiments (carried
out by CEA with the support of IRSN and EDF) and their interpretation (by IRSN) have made
a considerable contribution to the overall knowledge of fission-product release in severe-
accident conditions. This can be combined with the efforts of a number of other significant
experimental campaigns that have been performed, notably at ORNL®*#, at AECL/CRL®® and
by JAERI’. Despite this extensive knowledge base, there remain gaps and little-explored
areas where IRSN intends to pursue its acquisition of the information needed for it to fulfil its
objectives in relation to accident evaluation, management and mitigation.

The motivation for further experiments can be summarized as arising from the following
aims:

- fill in the remaining gaps for existing fuels (e.g., TU2-type MOX) and accident conditions
(e.g., air ingress);

- reduction of uncertainties and overly—conservatlve assumptions with respect to level 2
PSAs;

- improve the understanding of fission-product release processes by confirming or
lmproggng conclusions reached in experiment interpretation (most notably with the MFPR
code)

- based on the existing, detailed-modelling capability, produce a tool capable of predictive
applications in order to anticipate the consequences of evolutions in fuel design and fuel-
cycle management.

! I.P. Leveque, B. André, G. Ducros, G. Le Marois, G. Lhiaubet, "The HEVA experimental program”, Nucl. Technol. 108
(1994), p33.

2 G. Ducros, P.P. Malgouyres, M.P. Kissane, D. Boulaud, M. Durin, “Fission product release under severe accidental
conditions: general presentation of the program and synthesis of VERCORS 1-6 results”, Nucl. Eng. Des. 208(2) ( 2001),
pp 191-203

3 M.F. Osbourne, R.A. Lorenz, “ORNL studies of fission product release under LWR severe accident conditions”, Nucl.
Safety 33(3) (1992)

*R.A. Lorenz, M.F. Osborne, "A summary of ORNL fission product release tests with recommended release rates and
diffusion coefficients", NUREG/CR-6261, July 1995.

’D.S. Cox, Z. Liu, P.H. Elder, C.E.L. Hunt, V.I. Arimescu, "Fission- product release kinetics from CANDU and LWR fuel
during high-temperature steam oxidation experiments”, J4EA Technical Meeting on Fission Gas Release and Fuel Rod
Chemistry Related to Extended Burnup, Pembroke, Canada, 28 Apr. — 1 May 1992

¢ F.C. Iglesias, B.J. Lewis, P.J. Reid, P. Elder, "Fission product release mechanisms during reactor accident conditions", J.
Nucl. Mater. 270(1-2) , 21-38 (1999)

7 A. Hidaka, “Recent progress of VEGA program: radionuclide release from MOX and release model with pressure effect”,
in Summary of Fuel Safety Research Meeting, Oct. 2004, Tokyo, Japan, JAERI-Review 2004-021 (2004)

¥ R. Dubourg, J.M. Berniolles, G. Nicaise, M. Kissane, “Development of mechanistic code MFPR for modelling fission
products release from irradiated UO, fuel. Part 2: application to integral tests VERCORS 4/5, PHEBUS FPT0/1”, ENS
TOPFUEL 2003, March 2003, Wiirzburg, Germany.

? G. Nicaise, V. Ozrin, "Analysis of accidental sequence tests and interpretation of fission product release: interdependence of
Cs, Mo and Ba release", 8th International Conference on CANDU Fuel, Honey Harbour, Canada, Sept. 2003, Canadian
Nuclear Society (2003)
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This will not only improve confidence in results of detailed analyses but also in analysis of
accident sequences. This will be achieved through substantiation or improvement of
assumptions used in the simplified release modelling of the ASTEC code™,

It is concluded that, as a priority, a limited number of experiments are required in the
following specific areas:

- micro-characterization of fuel (SEM, EPMA, etc.) before and after annealing in inert,
oxidizing and reducing atmospheres;

- FP release (rate and amount) experiments on MOX fuel, especially TU2-type, in a variety
of reducing/oxidizing conditions;

- FP release (rate and amount) experiments in air ingress conditions for UO, and MOX
fuels;

- FP release (primarily the amount) from high burn-up UO, and MOX fuels in design-basis
LOCA conditions, this not being an immediate concern but necessary in the mid-term.

IRSN is pursuing the goal of obtaining the majority of results from such experiments through
its so-called “Source Term Programme” (which includes fission-product release and covers
several other issues). This programme is being established as a partnership already
involving IRSN, CEA and EDF.

Yy, Plumecocq, M.P. Kissane, H. Manenc, P. Giordano, “Fission-product release modelling in the ASTEC integral code:
the status of the ELSA module”, 8¢ International Conference on CANDU Fuel, Honey Harbour, Ontario, Sept. 2003,
Canadian Nuclear Society (2003)
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« The status of the VERCORS programme
« Remaining needs
« Plans at IRSN for further experiments

« Conclusion

i3
Post-VERCORS needs
> status |
o Test series
o HEVA: 8 tests, release of volatile FPs
re-irradiation for 4 tests ; 1900 < T, < 2370K
o VERCORS: 6 tests, release of volatile + low volatility FPs
re-irradiation for all tests 2070 < 7,,,, < 2620K
o VERCORS HT: 3 tests, release of volatile + low volatility FPs + transport
re-irradiation for all tests 2600 <7, <2900K
= VERCORS RT: 8 tests, release of low volatility (priority) + volatile FPs
re-irradiation for 5 tests 2400 < T, <3000K
VERCORS RT

94 5 96 97 98 99 00 01 02 03

institute for Radiological Protection and Nuclear Safety - Major Accident Prevention Division B
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ost

status

» Test apparatus

n RT series: o HT series:
- release of low-volatility FPs (priority) - release of volatile FPs
- release of volatile FPs - release of low-volatility FPs
- FP transport (incl. Ag, In, Cd, B)
GefHP] detector | Gas
Fiiter and Gas J gﬁpmm Venfing
[a52) CIHEY
Pyt%ﬁ%ler
(opﬂiijiii{é’yéi'ﬁ 3 g%_‘;é”_gl
|
L
= o
A voue || [ Ly
L L .
Lrucibfe b Q(i\tz?;?or 13 3 Crusihie 3 Y
T " Viater TG 11— Eyometar -
L 15 L]
Delfa P} Gag inlel pump e T Gas infet Vacuum pusmp
netitite for Badiniogical Protection and Nuclear Safely - Major Accident Prevention Division T ans
¢ VERCORS RT series: final test matrix___
RT 1] 2 3 4 5 6 7 8
date of test | 03/1008 | 04/1098 | 1171900 | 06/1869 | 12/1098 | 09/2002 | 04/2000 | 11/2002
burn-up 4 cycles | 3cycles | 3cycles | 3cycles | 5cycles | 6cycles | 3cycles | 6cycles
GWdlty 47 48 38 33 60 70 43 70
re-irradiation no no yes no yes yes yes yes
fuel Uo, MOX-AUC Uos Uo; Uuo, Vo, MOX-AUC uo,
3tm05§)here Ho0OM5 H,OMH, HofH, O HO/M, Hzg H,OM, He/tH, HoOfH,,
at high , He, He/air
temperature
temperature -
ramp rate, | 0-2 0.2 0.2 0.2 0.2 02 0.2 0.2
Ks'
max. Trer 2570 2440 ~3000 2500 2800 2470 2880 2670
K .
other clad fuel | clad fuel UO, debris déé)?ié-}» clad fuel | clad fuel | clad fuel | clad fuel
oxidized
Zrly
institute for Radiological Protection and Muclear Safety - Major Accident Prevention Division o 4113
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Release fractions

» VERCORS HT series: final test matrix
HT 1 2 3
date of test |  06/1996 0472002 | 08/2001
4 cycles 4 cycles 4 cycles
b "
G, 49 ~50 49
re-irradiation) yes yes yes
fuel uo, uQ, U0,
atmosphere He/H, H.O/H, He/H,
at high
temperature
temperature
ramp rate, 0.5 0.2 0.2
K.s!
max. Trer 2900 liquefaction 2680
K
clad fuel clad fuel; clad fuel;
other boric oxide +|boric oxide +
SIC sic”

s All tests started with a H,O/H,
phase that fully oxidized
cladding

s HT2 + HT3: absorber materials
introduced at intermediate
temperature o explore effect on
transport, i.e., phase without then
phase with.

v Ag, In and Cd activated for better
measurement.

institute for Radiclogical Protection and Nuclear Safety - Major Accidant Prevertion CHivision

R4 &3

e Two examples of results
o Test VERCORS 5, release:

0.8

o
]

=
a

0.2

G

o Test HT1, transport: |, Cs, Te
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Post-VERCORS %ﬁ@ﬁﬁ

« Evolution of fuel in France

= UO,
- average burn-up per assembly, current: 47 GWd/tU (52 max. in assembly)
- average burn-up planned by 2008-10: 62 GWd/tU

= MOX
- average burn-up per assembly, current: 39 (41 max. in assembly)
- average burn-up planned by 2008-10: 49-53
- a new manufacturing process for MOX around 2007

s Gadolinium-doped UO,
- used in CYCLADES and GEMMES fuel-management cycles
(higher 235U enrichment, longer cycles)

institute for Radiclogical Protection and RMuclear Safety - Major Accidant Preverntion DHvision M3

Post-VERCORS needs

o Evolution of safety issues at IRSN (recent internal action)

o PSA level 2 :
- desirable to reduce uncertainties and over-conservatism

= Modelling needs
- confirm current interpretation where data on FP location & chemical species
(e.g., Cs in solid solution, uranate, molybdate, iodide?) are lacking
- detailed-modelling capability (MFPR code) — exploratory FP-release tool
o Air ingress
- increased awareness of potential consequences
- inadequate data on release (and transport) especially with respect to Ru

n Gadolinium-doped UO,
- very few data relevant to impact on source term

n MOX :
- few data relevant to impact on source term, i.e.,
2 VERCORS tests (also 2 VEGA tests) for AUC, nothing for TU2
institute for Radiological Protection and Nuclear Safety - Major Accident Prevention Division 813
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 Post-VERCORS needs

e Micro-characterization

» Knowledge/modelling needs

- as a function of temperature and oxidation, require data on FP
location and chemical speciation

- analyses (SEM, TEM, EPMA, XRD,...) before and after annealing
- atmosphere either inert, oxidizing or reducing, 1200 < T < 2500K
e FP release (rate and amount)
o Ajr ingress
- require more data on release (and transport) especially with respect to Ru

s MOX
- TU2

n Design-basis LOCA
- high burn-up UO,
- MOX

Institute for Radiclogieal Protection and Nuclesr Safety - Major Accident Prevention Division TR

e Context: the Source Term Programme
= [IRSN-CEA-EDF joint-research programme

- open to and being proposed to other partners, e.g., CEC
- based on separate-effect experiments
- four axes of research:

1. iodine

2. boron-carbide

3. air-ingress

4. fission-product release

- programme duration: 2005 ~ 2010, 6 years

institute for Radivlogical Protection and Muclear Safety - Major Accident Prevention Division 4013
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» Micro-characterization

o Knowledge/modelling needs: analyses (SEM, EPMA,...) of VERCORS
samples including pellets from source rods (covers initial and final state)

¢ FP release : VERDON facility (CEA/Cadarache)

o Air ingress: one test including transport aspects in 2008-09
o MOX: two tests on TU2 in different oxidizing atmospheres in 2008-09
= High burn-up UO,: one test in 2008-09 -

§

G(—\i%aaé 'y spectro

11113

institute Tor Rééiﬂmgﬁgica! Protection and NMuckear Safety - ﬁ!?a;gaf Accident Provention Divist

onclusions

-« VERCORS very successful

v rich database on FP release and, to a lesser extent, is’ammﬁ
- wide range of burn-ups, reducing/oxidizing conditions & final temperatures
- fuel types and physical configurations explored to some extent

¢ Require now...

s Knowledge of microscopic evolution of FPs in fuel
- confirm IRSN’s understanding of FP behaviour in fuel and release process
- creation of an IRSN tool for exploratory analyses, i.e., predictive capability

o More data on current, outstanding issues
- ~airingress
- high burn-up UO,
-MOX

e Much to be gained from Source Term Programme

institute for Radiclogical Protection and Nuclear Safety - Maior Accident Prevention Division 1213
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IRSI] Post-VERCORS needs
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