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26" International QUENCH Workshop

Organized by Karlsruhe Institute of Technology, Institute for Applied Materials, Germany
Virtual event via MS Teams, 06-09 December 2021

Daily starting time: 1 p.m. Karlsruhe (Paris, Berlin), 7 a.m. Washington, 9 p.m. Tokyo

Monday, 06 Dec 2021
0:00 Welcome W. Tromm/M. Steinbrick, KIT

QUENCH PROGRAM (Chair: M. Steinbrtick)

0:20 Update of the QUENCH program M. Steinbriick, KIT

0:40 Results of metallographic analysis of the QUENCH-20 bundle J. Stuckert, KIT
with B4C absorber

1:00 Analysis of QUENCH-20 Test with ASTEC V2.2.b O. Murat, KIT

1:20 Break/discussion

EXPERIMENTS (Chair: J. Stuckert)

1:40 Fuel rod / bundle behavior in the early stages of a severe K. Nakamura, CRIEPI
accident in a nuclear reactor and spent fuel pool using the
DEGREE facility

2:00 Outline of the CLADS-MADE-03 test under steam-rich A. Pshenichnikov, JAEA
conditions and high heating rate

2:20 The CODEX-SBO experiment R. Farkas, MTA

2:40 Refined relationship between through wall clad oxygen J.-C. Brachet, CEA

diffusion profiles and post-quenching impact properties of
as-received and pre-hydrided Zircaloy-4, following High-
Temperature (HT) steam oxidation

Tuesday, 07 Dec 2021

MODELLING AND CODE APPLICATION Il (Chair: F. Gabrielli)

0:00 PSI-KIT Nitriding Model for Zirconium based Fuel Cladding B. Jackel, PSI
Alloys
0:20 Development of New Model to Calculate High-Temperature A. Vasiliev, IBRAE

Oxidation of ATF Chromium-Coated Zr-Based Cladding

0:40 Implementation of LEl experience on modeling and uncertainty N. Elsalamouny, LEI
guantification of QUENCH tests for the development of
QUENCH-20 numerical model



1:00

1:20

1:40
2:00
2:20
2:40

International Development and Assessment of a MATPRO-
based Accident Tolerant Fuel Material Property Models and
Correlation Library

Break/discussion

ATF CLADDING I (Chair: M. Steinbriick)
ATF modelling in Severe Accident Codes
Summary on IL TROVATORE WP 5 results
Overview on the IAEA ATF-TS project

Experimental SiC coatings

Wednesday, 08 Dec 2021

0:00
0:20

0:40

1:00

1:20

1:40

2:00

2:20

2:40

ATF CLADDING Il (Chair: M. Grosse, KIT)
The OECD-NEA project QUENCH-ATF

The coating degradation mechanism during the isothermal
steam oxidation of Cr-coated Zry-4 at 1200°C

Multilayer protective CrN/Cr coatings on E110 zirconium
alloy

The results of high temperature single rod tests with
chromium coated cladding

Break/discussion
ATF CLADDING lll (Chair: J. Stuckert, KIT)

Magnetron-sputtered Cr-C-Al based coatings for enhanced
accident tolerant fuel (ATF) zirconium-based alloy cladding
High-temperature oxidation of silicon carbide composites
for nuclear applications

Mechanical properties degradation of Cr-coated cladding
under the loss-of-coolant accident conditions

Microstructural Analysis of Iron-Chromium-Aluminum
Samples Exposed to LOCA-Type Conditions Followed by
Quench

Thursday, 09 Dec 2021

0:00

0:20
0:40

1:00

ZR-H SYSTEM | (Chair: M. Grosse, KIT)

The SPIZWURZ Project — Bundle Experiment and
Benchmark on Axial Hydrogen Diffusion

KIT-INE contribution to the SPIZWURZ project

Neutron investigations of the hydrogen diffusion dynamics
in different cladding tube materials

Elevated temperature hardness measurements of Zry-4 in
the presence of hydrogen in solid solution

S. Khalil, AU

F. Gabrielli, KIT
M.Grosse, KIT

J. Stuckert, KIT

B. Sartowska, INCT

M. Steinbrick, KIT
J. Liu, KIT

D. Sidelev, Tomsk PU

K. Vizelkova, KIT

C. Tang, KIT

M. Steinbrick, KIT

P. Cervenka, CTU

P. Doyle, ORNL

F. Boldt, GRS

M. Marchetti, KIT
S. Weick, KIT

F. Fagnoni, PSI



1:20

1:40

2:00

2:20

2:40

Break/discussion
ZR-H SYSTEM II_(Chair: M. Steinbriick, KIT)

Hydrogen quantification in zirconium cladding materials
using high-resolution neutron radiography imaging

Hydrogen measurements and metallographic examination
of high-burnup nuclear spent fuel claddings

Fatigue Testing of High Burnup PWR Fuel Rods with
Zircaloy-4 cladding with and without Heat Treatment to
Simulate a Drying Cycle

Closure

L. Duarte, PSI
M. Ayanoglu,

ORNL
P. Cantonewine, ORNL

M. Steinbrick, KIT
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26" International QUENCH Workshop

W. Tromm
KIT

Welcome address

The head of the nuclear safety program at KIT (NUSAFE) gave an overview on the program status
and perspectives.
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Karlsruhe Institute of Technology

Welcome Address:
26th QUENCH workshop at KIT

Outlook Programme NUSAFE at KIT and Helmholtz Association

Th. Walter Tromm, Programme Nuclear Waste Management, Safety and Radiation Research
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KIT — The Research University in the Helmholtz Association



Reactor Safety Topic 2, Subtopic 1: ﬂ("'

Karlsruhe Institute of Technology

Design Basis Accidents and Materials Research

® Coupled reactor safety simulation tool for the complete calculation chain
from the creation of input data over the conduction of core analyses to
the analysis of design basis accidents as well as their validation

® Multiphysics and multiscale approaches
® Experiments at the high-pressure test facility COSMOS-H

® Safety investigations for liquid-metal-cooled innovative reactor systems
and development of advanced corrosion-mitigation strategies

® Test of devices under real operational and accidental conditions in
the KALLA and KASOLA laboratory

® Corrosion test facilities COSTA and CORRIDA for liquid lead coolant

GESA
Pulsed Electron Beam Treatment

2 26th QUENCH workshop 06/12/2021 Th. Walter Tromm, et. al
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MCSHFER  Topic 2, Subtopic 1: COSMOS - H QAT

el

® Experiments in McSAFER
(High-Performance Advanced
Methods and Experimental
Investigations for the Safety
Evaluation of Generic Small
Modular Reactors)

® Two series of experiments are
planned to investigate the
thermal hydraulics in different
SMR concepts

® Investigation of flow
boiling up to the critical
heat flux under reactor
typical conditions

3 26th QUENCH workshop 06/12/2021

Karlsruhe Institute of Technology
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Th. Walter Tromm, et. al



Objectives Topic 2, Subtopic 2:

® Beyond Design Basis Accidents

® Development and validation of detailed physical models taking

profit of the diverse KIT experimental facilities

® Improvement of severe accident integral codes to support Severe

Accident Management Guidelines
MELCOR and ASTEC (Source Code)

® Emergency Management

® Multi-criteria decision analysis (MCDA) as well as agent based

modeling (ABM) to improve decision making under high
uncertainties in all emergency situations with
JRODOS real time online decision support system

4 26th QUENCH workshop 06/12/2021
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Karlsruhe Institute of Technology
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JRODOS Future AT

Karlsruhe Institute of Technology

® JRODOS is used operational in many = RODOS installation
m RODOS installation — started 2020 Installation in West Balkan countries,

European countries and since more than GCC countries, Amenia and Iran
15 yearS |n Germany RODOS local users

® |t is installed — partly with the support the
European Commission — in about 40
countries worldwide

® Ongoing installations are in the ASEAN
countries, six Gulf states, six West-Balkan S
states, Armenia and Iran

5 26th QUENCH workshop 06/12/2021 Th. Walter Tromm, et. al



.S ) QUENCH-ATF Joint Undertaking AT

rgy Ag ncy

® Three bundle experiments with ATF cladding in the
QUENCH facility (Cladding tubes provided by WEC
(and others?))

® Time frame: 2021-2024
@ Costs: 1.5 M€ (approx. 500 000 €/test) + NEA fee

@ 50% covered by KIT/Germany, 50% covered by
collaborators

26th QUENCH workshop 06/12/2021 Th. Walter Tromm, et. al



Status of the HOVER project
(Helmholtz Research and Technology Platform for the F m L
Decommissioning of Nuclear Facilities and for the m N |
Management of Radioactive Waste) :

(fluid flow visualized)

A

J -

» 2.5e-3mD

® INE: laboratory upgrade towards analysis of repository
subsystems on various scales: e e T R

High speed video-rate AFM; dynamic processes at interfaces (nm scale) T T

M-focus setup and hard X-ray sCMOS-camera at KARA

New capabilities for high-E X-ray scattering and tomography (um scale)

Laboratory X-ray microscopy/u-CT coupled to FIB-SEM

In-situ flow-through y-CT setup combined workflow to FIB-SEM
(nm — mm scale)

Accelerator Mass spectrometry (AMS) for Ultra-trace RN analysis

1.9mD

*1AM: LICAS Experiment: Long-term Investigation of C/Addings behaviour
under Storage conditions

* INR: Virtual decommissioning laboratory

* TMB: Building Information Modelling (BIM)

7 26th QUENCH workshop 06/12/2021 L. Mercatali et al’;



Research on extended interim storage of spent
nuclear fuel ﬂ(IT

Karlsruhe Institute of Technology

® Studying pellet / cladding interaction and cladding properties
of spent UO, fuel and spent MOX fuel

— MOX
Csl reference
— Zry-MOX

® Cs-U-O-Zr-Cl-I and Cs-Cl/l bearing compounds found in the ..
interaction layer of irradiated nuclear fuel — for the 1st time
utilising XAS based Cl K-edge and | K-edge
measurements — CsCl and Csl structures detected

0,8 1

0,6

0,4

norm. abs. [a.u.]

® In future studies examining whether different compounds
fuel-cladding interface have a potential impact on mechanical
properties of the Zircaloy cladding

0,24

0,0

-0,2

T T T T T 1
33100 33150 33200 33250 33300 33350
energy [eV]

26th QUENCH workshop 06/12/2021 Th. Walter Tromm, et. al



Recommendations of Strategic Advisory Board 2020
NUSAFE Topic 2 Reactor Safety "\\J(IT

® The NUSAFE programme on reactor safety with the major experimental projects Quench-ATF
and KALLA as well as the multi-physics simulation, e.g project McSafer, is attractive and

ensures highest-level reactor safety research. Hence, these projects are strongly supported by
the SAB.

® The projects will help to attract young talents and by this contribute to know-how transfer and
knowledge developing, strongly contributing to the programme of BMBF/BMWIi/BMU on
“Kompetenz- und Nachwuchsentwicklung fur die nukleare Sicherheit”. The SAB recommends to
foster competence keeping and development (especially of young scientists, also female).

® |nternational cooperation with many countries is well developed by KIT. This also will help to
keep competence in the relevant research fields and to contribute to specific questions
pertaining to international nuclear safety.

26th QUENCH workshop 06/12/2021 Th. Walter Tromm, et. al
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26" International QUENCH Workshop

M. Steinbriick, J. Stuckert, M. GroRe 6. Int. QUENCH Worksh¢
KIT

6.-9. Dec 2021, Karlsruhe Institute of Technolog

Update of the QUENCH program

The main objective of the QUENCH program at KIT is the investigation of the hydrogen source
term and materials interactions during LOCA and the early phase of severe accidents including
reflood. Bundle experiments as well as separate-effects tests are conducted to provide data for
the development of models and the validation of severe fuel damage code systems.

The QUENCH bundle facility is a unique out-of-pile bundle facility with electrically heated fuel rod
simulators and extensive instrumentation. So far, 20 experiments with various severe accident (SA)
scenarios as well as a series of seven DBA LOCA experiments were conducted. The QUENCH-LOCA
series was completed in 2016. One of the main results is the definition of the conditions for
secondary hydriding around the burst position and its influence on the mechanical properties of
the cladding rods.

The post-test examinations of the last two SA tests QUENCH-19 (FeCrAl cladding) and QUENCH-20
(BWR bundle) are almost finished, final reports will be published soon.

Separate-effects tests during 2020/21 were focused on the high-temperature behavior of various
ATF cladding candidates as well as on the behavior of hydrogen in Zr alloys under long-term dry
storage conditions.

QUENCH bundle tests are part of the validation matrices of most SFD code systems, which was
also reflected during the session “Modelling and code validation”.

The next QUENCH bundle tests are planned with ATF cladding tubes in the framework of the
OECD-NEA Joint Undertaking QUENCH-ATF. Furthermore, a long-duration test (8 month) is
planned in the framework of the German SPIZWURZ project on long-term dry intermediate storage
of used fuel elements.

Most activities of the QUENCH group are embedded in international cooperation in the framework
of the EC, OECD-NEA and IAEA.

Finally, the status of reporting and publishing as well as the numerous national and international
cooperations were briefly described and acknowledged.
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Update of the QUENCH Program

M. Steinbriick, J. Stuckert, M. GroR3e et al.
26th International QUENCH Workshop, MS Teams, 6-9 December 2021

Institute for Applied Materials, Programme NUSAFE

KIT — The Research University in the Helmholtz Association



Outlook
m Motivation

= Experimental facilities
= ATF activities

= Long-term dry intermediate
storage activities

= Modelling / Code validation
= Reporting

= Future planning

= Cooperation

2 December 2021 26th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM



Motivation (LOCA, severe accidents)

3

m Reflood is a prime accident management measure to
terminate a nuclear accident

m Reflood may cause temperature excursion connected with
increased hydrogen and FP release (severe accidents) and
embrittlement of cladding and secondary hydriding (LOCA)

m Coolability of a degraded core is a matter of high priority
(Fukushima)

®» QUENCH experiments (bundle+SET) provide data for
development of models and validation of SFD code systems

December 2021 26th Int. QUENCH Workshop Martin Steinbrick

KIT - 1AM



itute of Technology

New topics

m Accident tolerant fuel (ATF) cladding

= Characterization of promising ATF cladding concepts at
(very) high temperatures

= Degradation mechanisms and kinetic data
= Max. temperature and coping time for AMMs
m Long-term dry intermediate storage

= Hydrogen/hydride behaviour in Zr cladding during 100 years
storage e.g. in CASTOR casks

= Hydride reorientation and its effect on mechanical
properties

4 December 2021 26th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM



QUENCH Programme ﬂ(IT

Karlsruhe Institute of Technology

Investigation of hydrogen source term and materials interactions during
LOCA and early phase of severe accidents including reflood

i
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5 December 2021 26th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM



QUENCH/LICAS facility ﬂ(IT

Karlsruhe Institute of Technology

@ Unique out-of-pile bundle facility to
investigate reflood of an
overheated reactor core

@ 21-31 electrically heated fuel rod
simulators; T up to >2000°C

@ Extensive instrumentation for T, p,
flow rates, level, etc. + MS

@ So far, 20 experiments on SA
performed (1996-today)

® Influence of pre-oxidation, initial
temperature, flooding rate

m B,C, Ag-In-Cd control rods

M. Steinbriick et al., Synopsis and
outcome of the Quench

® Airingress; debris formation " 1/ experimentalprogram,

NED 240 (2010), 1714-1727.

® Advanced cladding alloys N\ Stuckert, I etal, Results of the

QUENCH-LOCA experimental

program at KIT. JNM 534 (2020),

@ 7 DBA LOCA experiments with 152143
separately pressurized fuel rods

6 December 2021 26th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM
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Review of tests QUENCH-19/-20

a QUENCH-19 (2018)
a Worldwide first bundle test with FeCrAl ATF cladding

m Strongly reduced hydrogen release compared to reference test
QUENCH-15 with ZIRLO cladding

m Some issues with FeCrAl oxide interaction with ZrO, pellets and
mechanical behavior of bundle during reflood due to high CTE

a QUENCH-20 (2019)

m Quadratic BWR bundle with boron carbide absorber blades and
water channels

m Strong degradation of absorber blades with intense melt formation

a Only moderate hydrogen release compared to PWR tests Q-7/-9
with PWR geometry

m Post-test examinations and reporting for both experiments
are at an advanced stage

8 December 2021 26th Int. QUENCH Workshop Martin Steinbrick

KIT — 1AM



QUENCH activities for Accident Tolerant Fuel Claddings -\“—(IT

—

m Single-rod oxidation and quench tests with

Cr-coated Zr alloy Recent
_ o _ , _ results
m Ultra-high temperature oxidation tests with SiC.-SiC | oresented at
m Oxidation kinetics of various FeCrAl alloys ;(?;FUEL

@ Development of MAX phase coatings for Zr alloys

m Participation in various international collaborations on ATF
m ECILTROVATORE (Coordinator of WP “Coolant-cladding-fuel interaction”)
m |AEA ATF-TS (Coordinator of Benchmark QU-19 and exp. program)
m OECD NEA QUENCH-ATF (KIT is Operating Agent)

m Various bilateral collaborations with Westinghouse, CEA, CTU Prague,
Tomsk Polytechnic University, KONICOF, ...

9 December 2021 26th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM



itute of Technology

®m Work embedded in the German project SPIZWURZ (GRS, KIT)
and the HGF HOVER infrastructure program

Long-term intermediate storage activities

m 8 month lasting bundle test

m Various SETs on the system Zr-H

m Construction and commissioning of a Sieverts type chamber for
hydrogen loading of small samples

m Investigation of the hydrogen uptake at temperatures relevant
for dry storage of spent fuel

m Developing of a loading procedure for large tubes
m Investigation of a defined hydrogen loading with ZrH, powder

m Construction of an apparatus for in-situ neutron radiography
experiments under defined mechanical load and temperature

10 December 2021 26th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM



Modelling and code validation Q(IT

® QUENCH bundle tests are part of validation matrices of most
SFD code systems

m Post-test calculations of QUENCH-19 in the framework of the
IAEA ATF-TS project

m Post-test calculations for QUENCH-20 by KIT-INR
m Pre-test calculation of QUENCH-ATF-1 and LICAS-01 by GRS

m Separate-effects test data are used by PSI, RUB, EdF, ISS and
others for model development

11 December 2021 26th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM



Journal of Alloys and Compound: 2450

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

iournal homepage: www.elsevier.com/locate/jalcom

Reporting

ﬁ)* thermo

Review on chromium coated zirconium alloy accident tolerant fuel ()
cladding e |

Review

Steam Oxidation of Silicon Carbide at High Temperatures for
the Application as Accident Tolerant Fuel Cladding,

an Overview

Jiangiao Yang™*, Martin Steinbriick", Chongchong Tang”, Mirco GroRe”, Junkai Liu™",
Jinming Zhang®, Di Yun®, Shuzhong Wang*

m Papers and
conference
contributions

>20 Scopus
references) in
2020/21

#Key Laboratory of Therm o-Fiuid Science and Engineering of MOE. School of Energy and Fower Engincering, Xin Jiaotang University: Xi'an 710049, PR China
® institute for Applied Materials, Karisruhe Institute of Technology, Karisruhe 76344,

Hai V. Pham ', Masaki Kurata ! and Martin Steinbrueck 2

ARTICLE INFO ABSTRACT

Collaborative Laboratories for Advanced De -~~~ F T
Fukushima 979-1151, Japan; kurats. masaki@
Tnstitute for Applied Materials-Applied Mat
76344 Eggenstein Leapoldshafen, Germany,
Correspondence: pham. haijaca go.jp

1shima-Daiichi accident revealed that the zirconium fuel claddings have the significant safety risk
gen detonation due to the strong oxidation and hydrogen release during the design basis accidents
1d beyond design basis accidents (BDBA). Therefore, research and development of accident tolerant
) concepis that aim to improve nuclear fuel safety during normal operation, operational transients
iible accident scenarios have been boosted in the last decade. Deposition of protective coatings on
cladding tubes has been considered as a near-term solution of enhanced ATF cladding. Among the
& coating materials, there is no doubt that the research progress of Cr coating is the fastest around
d because of the advantages of such type of coating: excellent good chemical stability (including
n resistance and hydrothermal corrosion resistance). low thermal neutrons absorption cross-sec-
I excellent adherent. In this paper, the exidation. diffusion, and mechanical properties of Cr-coated
i in normal operation conditions and accident conditions of nuclear reactors are reviewed. The
hat cause the failure of the coating are analyzed. and some questions that need to be clarified and
itudied are proposed

Nuclear Engineering and Design 379 (2021) 111267

e, Contents lists available at ScienceDirect

Abstract: Since the nuclear accident at Fuk
erable number of studies have been cond-

Nuclear Engineering and Design

for safety enhancement of light water re.
carbide is one of the most promising cand
applications. In spite of many potential be
axidation/ corrasion resistance of the cladd
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severe accidents. However, the study of i
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Experimental and modelling results of the QUENCH-18 bundle experiment
on air ingress, cladding melting and aerosol release

chack for

oxidation tests in steam environments typic
updates o

outline the features of SiC oxidation/corre
of advanced test facilities in their laborats
understanding based on recent data obtain
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Tolerant Fusl Cladding, an Overvieu.
Thermo 2021, 1, 151167, httpss//
doi.org/ 103390/ thermol 020011

ABSTRACT

1. Introduction

‘The severe accident in 2011 at Fuk
stagnated the usage of nuclear energy
ment for safety enhancement of light
of the Great East Japan earthquake, e
was activated automatically as were Ih

However,

struck the station, floodmg meemerge
which led to a loss of the reactor cor¢
Reactor Pressure Vessel (RPV), and a s

The primary aims of the QUENCH-18 bundle test were to examine the oxidation of M5 claddings in air/steam mixtur
and to achieve 2 long period of oxygen and steam starvations to promote interaerion with the nitrogen. Additionally, t
effects of the presence of two Ag-In-€d control rods, and two pressurized unheated rod simulators (6 MPa, He). The tw
similar t the system p Erfilled Ina , the

increase t the peak cladding temperature of 1400 K. During this heatup, claddings of the fwo pressurized rods were bu
f 1400 K marked the start of the pre-oxidation stage to schieve 3 mavimum cladding oxide layer thicknes: of about ©
argon flows were reducsd, and air was injected. The first Ag-In-Cd asrosol release was registered at 1350 K and was do
tranzient, a signicant release of Ag was observed. A st tarted in. the air ingret
of oxygen srvation occurred, which was followed by almost complete steam consumption and partial consumption

m Three chapters
in Elsevier
b O O ks ::mr::ﬂ:'lm:n“:‘n]mm of coolant accident (LOCA) resulted in

[SMom 0.5 °C/s. When the fuel temperature at

\- of zirconium (major component of fuel
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conium nitrides under oxygen starvation conditions. The temperatures continued to increase and stabilized at the melti
water injeetion. after , leading o maximum x
quench was achieved after about 800 5. A significant quantity of hydrogen was generated dum the reflood (238 g). Ni
nitrides was aleo registered. Residual zireomium nitrides were observed in the
oxidation and Zr melt formatian. The Zr melt relocated downwands to the lower bundle pan was strongly oxidized. F
down o elevation 160 mu; this elevarion was the lowest with evidence of reloeated pellet material. At the bundle boti
Az, In and Cd was observed between several rods. The experiment exhibited a multiplicity of phenomena for which the

there was a

Copyright © 201 by the authors  generating a huge amount of hydrogen 3 foF Iicating the direction of model improverments. Bxample of code pplcation with SCDAPSI & given 3¢ the
Licensce MDPL Basel, Switzerland.  higher. Furthermore, boron carbide (B
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distribuied under the terms and  also react with steam and furtheracce! 3 jnroduction The fuel rod claddings in nuclear light water reactors are  gram (o0, They were calculated applying Sieverts’ law (2]

air/steam mixture following a
achieve a long period of oxy
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The main goal of the QUENCH program at KIT is to investigate the
core thermal response, the cladding oxidation with accompanying
hydrogen release and the cooling efficiency of water injection under
design basis (DBA) and beyond design basis (BDBA) accident conditions.

interaction with the nitrogen. ¢
the earlier air ingress experim
and QUENGH-16 (stuckert a
QUENCH-18, these tiwo bundle

operation and in particular high temperature oxidat
ing nuclear accidents results in the production of fre
drogen. The cladding can absorb this hydrogen It af
the mechanical properties of the cladding material. Hydro-

The Sieverts coefficient K,(T) depends on tem perature by
an Arhenius law [1]:

The pogra wes iiaced i 199 ad & sll o gog (Suciert o< durug e ngresesage. Al £60 embrtlement of these materials provides the rik of AS AH "
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Thermo 2021, 1, 151-167. hitps:/ /doi ong/ 103390/ thermo1020011 18 on air ingress and aerosol release was performed on 27 September  2022). emergency cooling. ACKIT the betaviour of cladding ma-

2017 (Stuckert et al., 2020) in the frame of the EC supported ALISA
program (CORDIS Portal, 2018; Miassoedov et al., 2018). It was pro-
posed by XJTU Xi'an (China) and supported by PSI (Switzerland) and

Due to air ingress as a potel
severe accidents in nuclear pow
spent fuel pools (Burns et al.

terials under different hypothetical nuclear accident sce-
narios was investigated. One focus was on hydrogen ab-
sorption and distribution/re-distribution in the alloys. The

AS, AH, R and T are the solution entropy, the solution en-
thalpy, the molar gas constant and the tem perature, respec-
tively. AS and AH depends slightly on the cladding alloy

GRS (Germany). QUENCH-18 was the worldwide firs bundle experi  performed bundle tests on air ir "yd"‘gf" d"“_"f”““" was determined v’"“'“'y;"y RO 4nd on the oxygen content in solid solution [1]
ment on air ingress ncluding a potofypie mixed ai/steam atmosphere, in the QUENCH faetiy (smek o SFPRY Bxamples for he determinaon of he Dy Several experimental methods provide information about
The pr o 10 oo o oxidation of M® dladdings i separate elfect tes condued 470z disiribution in cladding tubes after loss of coolant  hydrogen and d in
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1. Introduction

Hydrogen degrades the toughness of zirconium-based alloys.
‘The reduction of ductility can become safety relevant for nu-
clear fuel claddings or pressure tubes made of zirconium based
loys during operation, accidents and long-term dry storage.
Cladding materialsabsord hydrogen by water corrosion during
operation and by steam oxidation during accident scenarios.
‘The reaction with water can be simplistically described by

Zr+ 2H,0 =Zr0, + 4H (1y

4H = 4f Hapsorbea +2(1 — f)H2 | @

released afer melting because the hydrogen solul
melt is many orders of magnitude lower than

state. This destructive method delivers integral values of the
hydrogen content. X-ray and neutron diffraction are applied
to determine type, amount and distribution of zirconium hy-

drides in the cladding tubes. In 3] electron probe microana-
lysis, micro elastic recoil detection analysis and laser in-
duced breakdown spectroscopy microprobe are applied too.

veral groups are applying neutron-imaging methods for
the investigation of hydrogen in zirconium and its alloys
[3-20]. The basis of this method is the large difference be-
tween the total microscopic neutron cross sections of hydro-
gen and zirconium. Neutron radiography and tomography
are non-destructive. Minimal hydrogen concentrations of
few wtppm and spatial resolutions of about 25 pm can be
reached in standard experiments. Currently, the methodical

with £ being the uptake portion. Depending on
absorbed hydrogen is precipitated as zirconium hydrides and,
in particular in the high temperature B phase, dissolved in the
zirconium lattice. Figures 1 gives the Zr-H phase diagram
[1]. The related hydmgen concentrations in the C**' metal

40

of neutron like at the POLDI fa-
cility at PSI Villigen initially dedicated to strain measure-
ments [21] improve the spatial resolution to a level that sin-
gle zirconium hydride precipitates (length 10 o 1000 pm,
thickness less than 3 ym) can be made visible [18]

Int. J. Mater. Res. (formerly Z. Metallkd.) 111 (2020) 1
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Outlook 2022

® QUENCH-ATF-01 experiment
a Slightly extended DBA LOCA test with Cr-coated Optimized ZIRLO

cladding
m All bundle components, except cladding tubes, are available

m SPIZWURZ bundle experiment
m Long-term intermediate storage test
m 250 days, starting from 400°C with 1 K/d cooling rate
m Three cladding types, two hydrogen concentrations, two pressures
m Hydrogen pre-loading is next step before bundle assembly

m Final post-test examinations of QUENCH-19/-20
m SETs on various topics mainly on ATF cladding and Zry/H
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Results of metallographic analysis of the QUENCH-20 bundle with B4C absorber

Experiment QUENCH-20 with BWR geometry simulation bundle was conducted at KIT on 9th October
2019. The test objective was the investigation of a BWR fuel assembly degradation including a B4C
control blade.

The test bundle mock-up represents one quarter of a BWR fuel assembly with absorber blades at two
bundle sides. The 24 electrically heated fuel rod simulators were filled separately with krypton
(overpressure of 4 bar). The bundle was firstly heated to maximum temperature of 1230 K at the
cladding of the central rod at the hottest elevation of 950 mm. This pre-oxidation phase in steam lasted
4 hours. During the transient stage, the bundle was heated to a maximal temperature of 2000 K. The
cladding ductile expansions and failures were observed at temperature about 1700 K and lasted about
200 s. Massive absorber melt relocation was observed 50 s before the end of transient stage. The test
was terminated with the quench water injected with a flow rate of 50 g/s from the bundle bottom. Fast
temperature escalation from 2000 to 2300 K during 20 s was observed. The mass spectrometer
measured release of CO (12.6 g), CO (9.7 g) and few CH4 during the reflood as products of absorber
oxidation. Hydrogen production during the reflood amounted to 32 g (57.4 g during the whole test)
including 10 g from B4C oxidation. These measurements allow estimate the reduction of the B4C pins
due to oxidation: only 4.6% of total B,C mass reacted with steam.

The oxide layer thickness was measured on the corner rod, withdrawn on the end of the preoxidation
stage, and showed the maximum value of 65 um at the bundle elevation of 950 mm. The visual
inspection of the bundle, freed from thermal insulation, showed a strong damage of shroud and
channel box between elevations 600 and 950 mm at the angle positions with installed absorber blades.
At these bundle elevations, the B4C pins reacted eutectically with stainless steel blades. The formed
melt has attacked the channel box and the shroud and partially relocated to lower elevations inside the
gaps between the rods and the channel box as well as between the channel box and the shroud.
Ductile shroud deformation (implosion) due to higher pressure outside shroud in comparison to system
pressure was observed between the bundle elevations 350 and 1150 mm.

The bundle filled with epoxy resin was cut into cross slices with the axial step of 100 mm
(corresponding to axial positions of thermocouples). The radial oxidation degree of claddings was not
symmetrical: the claddings placed in the corner between the absorber blades were more oxidized in
comparison to claddings placed in other three bundle corners. The greatest cladding oxidation in the
axial direction was observed at 750 mm with the average ECR value here about 36% and oxide
thicknesses between 100 and 480 pum, whereas the average ECR value at the elevation of 450 mm was
about 14% with oxide thicknesses between 15 and 110 pum. The cladding melt was formed at the
bundle elevations between 550 and 1050 mm and 1) released into the space between the rods with
building of molten partially oxidized pools or relocated to the grid spacer at 550 mm, 2) moved down
between pellet and outer cladding oxide layer to about 450 mm. The SEM/EDX analysis of the melt
frozen near B4C pins showed formation (Fe, Cr) borides and FeB; needles inside the Zr-steel eutectic
melt. The relocation of the B4sC material was not very significant: some of the rods dissolved due to
interaction with stainless steel and Zr and partially moved down with the melt, but most parts of
absorber pin remained in their original positions.
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QUENCH-20 (SAFEST): Choice of BWR elements,
which should be simulated during QUENCH -SAFEST

e~ =

Handle with Spring ‘
i TN !’
¥ \ &) N I
Handle > \p =
e ‘="
Plunger "
Nut
|
Leaf Spning

/] ‘ 3 |

F-.etcnnel/.3 "

Outer Channel —

Central Water Canal

Water Cross Wing

Bottom Support with
TripleWave+ Filter

Screw

Transition Piece \

AT

Karlsruhe Institute of Technology

SSM proposal: study of high
temperature degradation of
BWR assembly mock-up in

QUENCH facility (melt
formation due to eutectic
material interaction inside

absorber cross)
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QUENCH-20: suggested test bundle composition ﬂ(IT
(¥4 SVEA-96 OPTIMAZ2 assembly)
absorber steel blades with B,C pins,

side length 67 mm;
mass ratio B,C:steel=0.9:3.6=0.25

Karlsruhe Institute of Technology

Inconel coolingjacket,
inner tube ID=158.3 mm

corner rod (Zry-4, OD 6 mm)

heated rods (24):
cladding Zy-2 with inner

ZrSn-liner (10% of clad), water channel box (ZIRLO),

side length 27.4 mm

Zr0, pellet OD 8.48+0.05
ID 5.45+0.1 mm,

length 11 mm, water cross wing (ZIRLO),
wall thickness 0.8 mm
W heater
OD 5.25+0.025 mm ! Zr shroud 90 mm x 114 mm

(inner clearance dimensions),
wall thickness 3 mm

! _ L4
advancedlow tin ZIRLO Tmmm T TEEEE - m e .<__I_n
fuel channel box,

rO, porous thermal insulation
wall thickness 1.4 mm

Geometrical parameters: claddinglength 2500 mm
> bundle pitch 12.898 mm; » absorber and cannel box lengths 1600 mm
> outer diameter of claddings 9.84 mm; » water gap between channel box and absorber blade
» thickness of claddings 0.605 mm; 2.5 mm (nominal inter-assembly gap in BWR-PROTEUS
» absorberblades: thickness 8.05 mm core is 13.8 mm ->water gap 2.875 mm)
. i O3
06.12.2021  J. Stuckert; ~ QUENCH-20 withBWR bundle 3/29 “.!.;, l A M
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QUENCH-20: test progress ﬂ(l'l'
ot

2100
e=TFS 1/13 950 mm
1900 7 ——TSH 13/180 950 mm 40
== TBL 8/90 blade 450 mm
1700 -+ — 35
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1500 - g - e ], power 30
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g 2
5 1300 - 25 .
L B
© o
- 3
2 1100 20 &
2 =
900 15
700 10
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300 I T T T T T T T T 0
0 2000 4000 6000 8000 10000 12000 14000 16000
Time, s

gas injection: Ar 3g/s during the whole test; superheated steam 3 g/s until the quench initiation
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QUENCH-20: axial temperature profiles ﬂ(IT
of outer cladding surfaces and outer shroud surface e msiecenos

(temperatures averaged through the cross-section for each elevation)
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QUENCH-20: oxidation of Zry-4 corner rod
withdrawn on the end of pre-oxidation

breakaway
(spalled oxide layer)
|
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QUENCH-20 bundle surrounded by shroud post -test view ﬂ(IT

Karlsruhe Institute of Technology

920°

bundle cross-section,
top view
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QUENCH-20 bundle surrounded by shroud: post-test view ﬂ(IT

Karlsruhe Institute of Technology
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o Strong degradation of absorber blades, channel box and shroud between

elevations 650 and 950 mm at angle positions 0°and 270°

180°
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Overview of polished cross sections: ﬂ(l'l'
formation of eutectic absorber melt at elevations 450...950 mm;

deformation of Zr shroud and ZIRLO channel box at =900 °C

due to outer overpressure of 1 bar

250 mm 50 mm, bottom of 2" spacer

06.12.2021  J. Stuckert; QUENCH-20 withBWR bundle 9/29 “’::‘ IA M
@'
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Average thicknesses of outer ZrO, for each cladding at the bundle elevations (IT
450...950 mm; not symmetrical distribution of oxidation degree across the ﬂ
bundle due to influence of absorber blades

Karlsruhe Institute of Technology

270° 90°

180°

0,
950 mm (ECR 33%) 750 mm (ECR 36%): mostly oxidized (2"? oxidation

degree of peripheral rods in comparisonto 850 mm,
cladding of inner rods at 850 mm were mostly melted)

650 mm 555 mm (grid spacer) (ECR21%) 450 mm (ECR 14%)

06.12.2021  J. Stuckert; ~ QUENCH-20 with BWR bundle 10/29 5‘:.‘. I A M
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Cladding behavior QAT

of relatively hot inner rods at 950 mm

cladding lift-off
_due to inner
: overpressure of 5 bar
voids dueto

relocated melt o, ’ -
inner oxide

06.12.2021  J. Stuckert; QUENCH-20 withBWR bundle
QWS-26, Karlsruhe
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Layer composition ﬂ(IT

for peripheralroad #12 at 950 mm: s
not melted and melted B-Zr
depend on the angle position

outer outer a-Zr(O) with parts
tetragonal ZrO, deleted during polishing

ZrO,sub-layer with reduced
outer oxygen concentration
tetragonal ZrO, (diffusion of oxygen to melt)

“hot” at0°

inner a-Zr(O)

dap inher Widmanstitten pattern of B-Zr ceramic precipitates inner ZrO,.,
210, pelket _ , thin a-Zr(O) layer with segregated o formed du_e to oxygen transport
inner tI in lamellas from oxide to molten metal
tetragonal ZrO,
06.12.2021  J. Stuckert; QUENCH-20 withBWR bundle 12 /29
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850 mm: formation of molten pools
and gas channels

AT

Karlsruhe Institute of Technology

oxidized gas
channels

ceramic precipitates
in metal melt

rod #4

N
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750 mm: oxidation and melting of claddings,
oxidation of ZIRLO water cross-wings

AT

Karlsruhe Institute of Technology

jeo000®
lleoose

water cross-
wing
\ 9
of

=" Zr shroud g

central rod (#1) peripheral rod #19, ZIRLO water cross-wing and Zr shroud
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750 mm: micro structure of claddings

internal rod #2 at 315°:

melted and frozen B-Zr partially oxidized metal

between outer a-Zr(O) melt between outer and
and inner ZrO,_, inner ZrO,

06.12.2021  J. Stuckert; QUENCH-20 withBWR bundle
QWS-26, Karlsruhe

peripheral rod #12 at 0°:

AT

Karlsruhe Institute of Technology

900 prm

peripheral rod #17 at 45°:
partially oxidized metal
melt between outer and
inner ZrO,

peripheral rod #21 at 315°:
not melted metal,
oxidation of cracks

15 /29 ‘?;:}"lAM
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internal rod #4:
between outer a-Zr(O) and pellet

perlpheral rod #13: melt
between outer a-Zr(O) and pellet

06.12.2021

- —;Jr ey

J. Stuckert; QUENCH-20 withBWR bundle
QWS-26, Karlsruhe

internal rod #5: no melt:

partial inner oxidation of cladding

peripheral rod #23: no melt

16 /29

AT

Karlsruhe Institute of Technology

650 mm: melt
formed here
and relocated
from above
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Karlsruhe Institute of Technology
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internal rod #4: melt (relocated from above) peripheral rod #12: melt relocated from above 555 mm: melt
between outer o-Zr(O) and pellet inside_gap between cladding_and pellet
formed here

= and relocated
from above

N
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= TSH 8/90

I [ N 450 mm: frozen melt
=
S —— = relocated from above
g g-———‘ T \
:

600 ‘ \

o [+450 mm | —=  eutectic of Zr and steel cladding of central rod #1,

14400 14500 15200 Time, s 15600 16000 16400

original thickness 605 pm

60

outer ZrO,, 110 um

a-Zr(0),120 um

) i
13 : ,J/( % -
4 i — [3-Zr reacted with metal
: ' i melt relocated from
ety Ml above; 805 pum
»

i _N__ inner ZrO,_,25 um
_F pellet ZrOy,
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Elevations without and with grid spacer ﬂ(IT

650 mm: 550 mm:
strong bundle blockage by melt collected inside grid spacer

1) local blockages between several rods,
2) dark pellets contacted with inner melt: oxygen transport to melt
(white pellets had no contact with melt)

06.12.2021  J. Stuckert; ~ QUENCH-20 withBWR bundle 19/29 "::‘ I A M
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QUENCH-20: absorber melt relocation from hottest bundle elevationsﬂ(l'l'
to elevations 250-450 mm

Karlsruhe Institute of Technology
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QUENCH-20: reaction of B,C with steam ﬂ(IT

700 7
emmrate.CO
B4C(S)+7H20(g)=2B203(1)+C0(g)+7H2 e1gte.CO2
600 6
—rate.CH4
B,C(s)+8H,0(g)=2B,05(1)+C0,(g)+8H,
500 5

B,C(s)+6H,0(g)=2B,05(1)+CH,(g)+4H,

CH,, mg/s

200

100

15600 15700 15800 15900 16000 16100 16200
Time, s

only small release of CH, before quench; CO and CO; formation firstly in the quench stage

06.12.2021  J. Stuckert; ~ QUENCH-20 with BWR bundle 21/29 ‘6;::3 I A M
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QUENCH-20: reaction of B,C with steam,
Integral gas release

AT

Karlsruhe Institute of Technology
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® 6
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According to CO, and CH, release: corresponding mass of B,0;is 96.8g; H,is 10.0g;

06.12.2021

reacted B,C 41 g, i.e. 4.6% of total B,C mass (900 g)
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QUENCH-20: hydrogen release ﬂ(IT

Karlsruhe Institute of Technology
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H, release during the whole test: 57.4 g; H; release during quench:
before quench - interaction of steam with Zry, 22 g (from Zry and moltensteel) +
during quench - steaminteraction with Zry and absorber +10 g (from B,C)
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750 mm: interaction of stainless steel blade ﬂ(IT
Wlth B4C and ZIRLO Chan nel bOX Karlsruhe Institute of Technology
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eutectic interaction B,C pin < blade at T>1500 K;
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750 mm: SEM/EDXinvestigation of interaction of B,C with steel blade and ZIRLO channel box
AT

WA

CrKa [R], ZrLa [G], FeKa [B] 18kV 500x WD7 mm
stainless steel blade: (Fe, Cr) boride (red) in
steel melt (blue)

CrKa [R], ZrLa [G], FeKa [B] 15kV 500x WD7 mm — 50 pm —

ZrB, needle precipitates in Zr-steel eutectic melt
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CrKa [R], ZrLa [G], FeKa [B] 15KV 500x WD7 mm

ZrB, needle precipitates in Zr-steel
eutectic melt

T, - h ) E
QUE-20-750mm 18 kV 2000x WD7 mm BSE =10pum—

Zr0, layer
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(Fe, Cr) precipitates
(partially borides
in Fe melt

conct steel blade with ZIRLO channel box

CrKa [R], ZrLa [G], FeKa [B] 18kV 200x WD7 mm + 100 pm —
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750 mm: SEM/EDXinvestigation of interaction of B,C
with steelblade and ZIRLO channel box ﬂ(IT

Karlsruhe Institute of Technology

CrKa [R], ZrLa [G], FeKa [B] 18 kV 200x WD7 mm 100 pm -
contact B,Cwith steel blade

(Fe, Cr) precipitates
in (Ni, Fe, Zr) melt

ZrB, precipitates in
(Ni, Fe, Zr) melt

7r0,
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Summary and conclusions

» The QUENCH-20 test bundle mock-up represented one quarter of a BWR fuel assembly with 24 electrically
heated fuel rod simulators and B,C control blade. The pre-oxidation stage lasted 4 hours at the peak cladding
temperature of 1250 K The Zry-4 corner rod, withdrawn at the end of this stage, showed the maximal

oxidation with ZrO, thickness >55 pm at elevations between 930 and 1020 mm with signs of breakaway:.

» During the transient stage, the bundle was heated to a maximal temperature of 2000 K Massive absorber melt

relocation was observed 50 s before the end of transient stage.

» The test was terminated with the quench water injected with a flow rate of 50 g/s from the bundle bottom.
Fast temperature escalation from 2000 to 2300 K during 20 s was observed. The mass spectrometer measured
release of CO (12.6 g), CO, (9.7 g) and CH, (04 g) during the reflood as products of absorber oxidation;

corresponding B,C reacted mass was 41 g or 4.6 % of total B,,C.

» Hydrogen production during the reflood amounted to 32 g (57.4 g during the whole test) including 10 g from

B,C oxidation.

N/
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Summary and conclusions (cont.)

» All claddings were failed during the transient with penetration of the steam into the gap between cladding
and pellet. The average oxidation rate of the inner cladding surface is about 20% in comparison to the

outer cladding oxidation.

» The distribution of the oxidation rate within each bundle cross section is very inhomogeneous: whereas the
average outer Z10, layer thickness for the central rod (#1) at the elevation of 750 mm is 465 pum, the same

parameter for the peripheralrod #24 isonly 108 um.

» The bundle elevation 750 mm is mostly oxidized with ECR 36% due to 1) downwards shift of the
temperature maximum from 950 mm (ECR 33%) during transient and quench, 2) due to cladding melt

relocation inside and outside the rods from 800...1000 mm to lower bundle elevations.
» The oxidation ofthe melt relocated inside rods was observed at elevations 550...950 mm.

» The oxidation of B,C pins was relatively low: only 4.6% of total B,C mass has reacted with steam (mostly

during the quench stage).

» The interaction of B,C with steel blade and ZIRLO channel box was observed at elevations 650...950 mm
with formation of eutectic melt relocated partially to lower positions. The typical components of this melt

are (Fe, Cr) borides and ZrB2 precipitated in steel or in Zr-steel eutectic melt.
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Analysis of QUENCH-20 Test with ASTEC V2.2.b

Latest recorded severe accident in the Fukushima Daiichi arose the importance of the safety
evaluations of the plants and systems. In order to fulfill the necessity of the safety assessments,
accident simulations are performed using by severe accident codes. European reference integral
severe accident code ASTEC mainly developed for PWR type reactors in order to simulate from
accident initiating event to radiological release. Since the BWR type reactors have typical
structures in the core such as canisters, absorber cross, etc. simulations needs to be performed
with consideration of these peculiarities. Comparison of the performed simulations with
experiments are key point to ensure validity of the code and employed models.

In order to expand the database of degradation of the fuel bundles in case of severe accident
situation, QUENCH-20 experiment, includes one quarter of SVEA-96 Optima-2 fuel assembly, was
performed in KIT. Temperature of the fuel rods, hydrogen production and quench front
parameters were followed up with simulation results and comparison was performed for
validation purposes. Model of the QUENCH facility and the bundle was developed using by
information of geometry, material and boundary conditions, which was mass flow rate, pressure
and electrical power for heated rods. Prediction of temperature of the structures in ASTEC fairly
follows up the test measurements during the transient. Hydrogen generation evaluated by the
ASTEC in good agreement with test results. Total measured 57 g of hydrogen generation was
predicted by ASTEC 53 g. Besides, oxidation of the boron carbide material reproduced by the
ASTEC with resulting 15% of the total produced hydrogen, which is in good agreement with
QUENCH-20 measurements.
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Introduction

® In case of long term LOCA in severe accident
scenarios core uncovery occurs.

® Without heat removal capacity:

Heat-up in the core

Oxidation of metals by steam (more heat-up)
Hydrogen release by oxidation

Cladding deformation and loss of geometry
Fission product release

® Produced heat and degraded core leads corium
and melt material corium threats:

® Released H2+Non-condensable gasses threats:

IN VESSEL and EX-VESSEL

EX-VESSEL

Prediction of in vessel phenomena is
important for SAFETY

3 06.12.2021
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® Not only oxidation process but also eutectic interactions are crucial for severe
accident in vessel progression.

Zr ZrO,

U-O-Zr UO, liqufied 1000 K
below its melting point

UO, and ZrO,
Dissolution

Uo,
S.Steel
— B,C, steel and Zr
flow down around 1700 K
B,C liqufied around 700 K
below its melting point
B,C S.Steel Zr
4 06.12.2021 Onur Murat — Analysis of QUENCH-20 Test with ASTEC V2.2.b Karlsruhe Institute of Technology
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Are BWR type reactors different than PWRs?

BWRs contains: More Zr (water channel boxes) more Heat
More Fe (absorber blades) more H,
B,C (absorber blades)

Chemical reaction Energy release
Zr+2H,0 2> ZrO, +2H, AH = 6.4 MJ/kg z,
2Fe+3H,0>Fe,O0,+3H, Not significant
B,C+8H,0>2B,0,+C0O,+8H, AH =15 MJ/kg g, c

® Adequate models are necessary in order to predict the source terms during
severe accident transients and improve severe accident management.
® BWR Specific structures (Canister, absorber blades)
W Eutectic interaction of BWR structures and their relocation models
® Heat transfer models of BWR structures

Onur Murat — Analysis of QUENCH-20 Test with ASTEC V2.2.b Karlsruhe Institute of Technology

26th International QUENCH Workshop, 06-09 2021 Institute for Neutron Physics and Reactor Technology
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QU EN CH TeSt FaCi I ity Karlsruhe Institute of Technology
@ 800 mm In order to develop adequate models and
DC power —————-————— validate severe accident codes for core
| . .
] : | P degradation QUENCH experiments
ontainment .
(Ar-filld) ’7_ designed.
| |
A Steam*ArR m Test facility enclosed and pressurized around 2 bar.
! ’ [ ® Steam and Ar flow introduced from bottom and
] steam, Ar and hydrogen (produced from oxidation)
‘ Ar cooling g g flow upward outside of the bundle.
of jacket l
Heated ZrO, insulation
29m  length B;C + 7H,0(g) < 2B,0; HCO(g|+ 7Ha(g)
Shroud B4C
l ch + SHEDIgl — 25103 +|ED2Ig: + EH;Lg: oxidation
Ar for filling

Ar for f _ |
Steamear _ - /‘/° B4C + 6H,0(g) « 2B,0; +CHy(g)|+ 4H,(g)
anndll . Bottom
lnn’—u-l
| —

Pre-injection 4 ! ® Quench water supplied from the bottom of the

Ar5%K . .
(st rods) section with constant flow rate and temperature.

=]

i' ® Temperature control provided for bundle head and
DC power ———————————‘i off-gas pipe in order to mitigate condensation in test
supply  ————— section.

QUENCH Test Facility

6 06.12.2021 Onur Murat — Analysis of QUENCH-20 Test with ASTEC V2.2.b Karlsruhe Institute of Technology
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QUENCH-20 BWR Fuel Bundle (1/2)

SVEA 96 OPTIMA-2
BWR Fuel Assembly
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Q U E N C H '20 B WR FU el B U n d I e (2/2) Karlsruhe Institute of Technology

Cooling Jacket (Inconel)

Water Cross Wing (ZIRLO)

* Heated Rods (W)
* Pellet (ZrO,)
* Cladding (Zircaloy-2 with

inner ZrSn-liner )
Shroud I /
(Zircaloy-4)
Porous Thermal Nbsoter bl Corner Rod v
Insulation (ZrO,) sorber blades (Zircaloy-4)
2 with B,C Heated rod Heated rod
Fuel Channel Box Water( ZCIl];aIilg;l Box group-1  group-2
(Advanced low tin ZIRLO)
QUENCH-20 Test Bundle Cross
Section (1/4 SVEA 96 OPTIMA-2)

06.12.2021 Onur Murat — Analysis of QUENCH-20 Test with ASTEC V2.2.b Karlsruhe Institute of Technology

26th Intemnational QUENCH Workshop, 06-09 2021 Institute for Neutron Physics and Reactor Technology



QUENCH-20 Test Transient

Flow rates

Power

b
150/
quench
water
3 g/s argon 3 g/s argon
3 g/s steam
R o
~18.2 kW
~7.5 kW
~7.2 kW,
| » 1000 sec
: ~3.5 kW \
2290 A 14400 15890 17660
Time (s)

Onur Murat — Analysis of QUENCH-20 Test with ASTEC V2.2.b
26th International QUENCH Workshop, 06-09 2021

AT

Karlsruhe Institute of Technology

QUENCH-20 Test consist of three
phases which are pre oxidation,
transient and quench:

Pre-oxidation phase:
Superheated steam and Ar
gasses (600-700 K) employed to
the system from bottom. System
pressure was 2 bar.

Transient phase: Electric power
increased. Steam and Ar flow
maintained until quench phase.
Quench phase: After transient
case, 50 g¢g/s quench water
delivered to the bundle from
bottom at room temperature.

Karlsruhe Institute of Technology

Institute for Neutron Physics and Reactor Technology
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Numerical Tool: ASTEC Code

Accident Source Term Evaluation Code

—*ECClmsT  m European reference software for severe

Safety system

Thermalhydraulics

withgas combustion — accidents.

o T - . | "ML m ASTEC simulates all sequences from

: — initiating  event to  discharge  of
radioactive materials during core melt

Isotope treatment

& activity

down accidents of LWRS.

“ e ® ASTEC has modular structure to
| R implement physical models.

Aerosols behaviour
and fission products
(iodine, ruthenium..)
chemistry

Thermalhydraulics
in circuits and vessel

e e ® Each module handles the part of the

in vessel lower head

Corium entrainment
in containment

— reactor and phenomena in there.
[ MEDICIS Loy
Corium/Concrete
Interaction
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ASTEC Model of QUENCH-20 Fuel Bundle and Test Section
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Waterbox+Fuelbox+Wings

x1 x8& x15 B,C+S8 Clad rods
1.5m ----o- - - SS rod
Heated g A rods
rods I Shroud
I3m ------ -- --
9% rod Inconel cooling jacket X
B,C rod A/ Shroud Zr flange
with §8 ahroud
clad 1.024m ------ -t - - i+ - - 1 710,
Heated rods H H H H  H isolation
N1 THET (i -
Comer rod “ooli
orner ro ] | | L i L . Qoohng
M sl s jacket
Ssteel Mo B.C I 1 T
Il [ [ Corner rod
Channel-3 Z.r()l : : : : :
Fuel Channel box+ M B M B N
Zr0, insulator ‘Water channel box+ Om ------ ] 1~ -7
Cross wings
QUENCH-20 BWR v H
bundle and test section 0475 m eme e - - ]
Channel-1  Channel-2 Channel-3 CORE T T

ASTEC Model
(Radial Representation)

11 06.12.2021

Shroud connection
Steel bundle foot

QUENCH-20 BWR bundle and test
section ASTEC Model
(Axial Representation)

26th International QUENCH Workshop, 06-09 2021
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heated length
1024 mm

ASTEC Model of QUENCH-20 Heated Rod
D D | e | D 15m
+1410zry 0 @00 ENo N - 13m
spacer |beH  HEESC e 1.024 m
+1050 Zry
spacer _
Centrairod W@  Thickness of Mo and Cu = 7.85 mm
710, insular ™ Thickness of W =5.25 mm
+550 Zry ® Clad inside diameter = 8.63 mm
spacer Clad ® Clad outside diameter = 9.84 mm
® Dimensions of ZrO2 = 8.25 mm (-0.475
to 0 m), 8.48 mm (0 to 1.024 m) and
+50 Zry 8.25 mm (1.024 to 1.5 m)
Spacer B Gap filled with Kr (5 bar)
-200 Inconel
spacer
———————————— Om
475 [ Al T 0.3m
———————————— 0.475m
QUENCH-20 Heated QUENCH-20 Heated
Rod Composition Rod ASTEC Model
Onur Murat — Analysis of QUENCH-20 Test with ASTEC V2.2.b Karlsruhe Institute of Technology
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Boundary Conditions (1/2) catane st f Tdhnoogy

Described boundary conditions are employed according to QUENCH-20 test
measurements:

B Electrical power generated for 24 heated rod one by one in the bundle
by using test power output.

Electrical power is not same for Group-1 and Group-2 and rod distribution is
not homogenous.

Heated rod Heated rod
group-1  group-2

® Pressure boundary condition takes role at the top.

® Temperature and flow rate of steam and argon
gasses at the inlet of the bundle introduced.

® Quench water temperature and flow rate takes

. Steam Ar
action for quench phase.
Water U
13 06.12.2021 Onur Murat — Analysis of QUENCH-20 Test with ASTEC V2.2.b Karlsruhe Institute of Technology
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B O U n d a.ry CO n d Itl 0 n S (2/2) Karlsruhe Institute of Technology

Described boundary conditions are employed according to QUENCH-20 test
measurements:

® Temperature of cooling jacket along the its height defined.

® Cooling water was defined for the bottom face of cladding material of

heated rods.
Somm E'Zi’ﬂ?:;’”_l

DC power —————r—————1
supply T -7
5 ‘ ‘ F H.0 cooling of
-

Containment offgas pipe
(Ar-filled)

Clad cross section

surface

-—

T Steam + Ar+H,
op —_—
quenching

Zr0, insulati
Test bundle

29m
Shroud

Ar for filling
insulation

Steam+Ar
" Bottom

Ar5%Kr
(test rods)_|

-—

=
i E""m'flingy H,0 cooling of

|
i < bundle head and foot
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ASTEC Predictions of QUENCH-20 Test (1/5)

Time =1 second
1500 4
1250
1000 A
X
—_
E
E 7501
=4
=
2
=
g 500 A
=
=
=
= 250 1
has
0
—250 1
=500 1
T T T T T T
300 400 500 600 700 800 900 1000
Temperature (K)
= ASTEC Clad| ®  Q20Redl0 = ASTEC Cans. * Q20 Shroud 90 degree
® Q20Rodl * Q20 Rodll ® Q20 Cans. 90 degree + Q20 Shroud 180 degree
= ASTEC Clad2 +  Q20Rodl6 * Q20 Cans, 180 degree X Q20 Shroud 270 degree
® (Q20Rod3 X Q20 Rodl8 ——— ASTEC Abs. Blade ——— ASTEC C.Jacket
* 20 Rod> ¥ Q20 Rod20 ® Q20 Abs. Blade 90 degree ® Q20 C.lacket 0 degree
+  Q20Rod7 A Q20 Rod22 F* Q20 Abs. Blade 180 degree * Q20 C.Jacket 90 degree
X Q20 Rod9 < Q20 Rod23 —— ASTEC Shroud + Q20 C.Jacket 180 degrec
== ASTEC Clad3 P Q20 Rod24 ® Q20 Shroud O degree > Q20 Clacket 270 degree
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ASTEC Predictions of QUENCH-20 Test (2/5)

Time =14400 seconds

1500 1

1250 1

1000

750 1

500 1

Axial Elevation (mm)

—250 4

=500 +

300 400
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|X+*.|.|
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ASTEC Predictions of QUENCH-20 Test (3/5)

Time =15890 seconds

1500 1

1250 1

1000

750 1
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Axial Elevation (mm)
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ASTEC Predictions of QUENCH-20 Test (4/5)

Time =15910 seconds

1500
1250
1000 %
E
E 750 ® X
=
£
2500
=
=
=]
2504
o
0 .
—250 1
=500 1
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600
Temperature (K)
= ASTEC Clad| ®  Q20Redl0 = ASTEC Cans. * Q20 Shroud 90 degree
® Q20Rodl * Q20 Rodll ® Q20 Cans. 90 degree + Q20 Shroud 180 degree
= ASTEC Clad2 +  Q20Rodl6 * Q20 Cans, 180 degree X Q20 Shroud 270 degree
® (Q20Rod3 X Q20 Rodl8 ——— ASTEC Abs. Blade ——— ASTEC C.Jacket
* 20 Rod> ¥ Q20 Rod20 ® Q20 Abs. Blade 90 degree ® Q20 C.lacket 0 degree
+  Q20Rod7 A Q20 Rod22 F* Q20 Abs. Blade 180 degree * Q20 C.Jacket 90 degree
X Q20 Rod9 < Q20 Rod23 —— ASTEC Shroud + Q20 C.Jacket 180 degrec
== ASTEC Clad3 P Q20 Rod24 ® Q20 Shroud O degree > Q20 Clacket 270 degree
18 06.12.2021 Onur Murat — Analysis of QUENCH-20 Test with ASTEC V2.2.b
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ASTEC Predictions of QUENCH-20 Test (5/5)

60
 srec mp ( QUENCH-20 total H, amount = 57.4 g

T B,C oxidation contribution = 10 g
5 40
£ ASTEC prediction total H, amount =
53.4 9
= 20 - B,C oxidation contribution = 9.48 ¢

10 1

’ 0 ZOIOO 40I00 ﬁﬂl(}() SOIOO 10600 12600 14600 166}00 18000

Time (s)

Further detailed informations: Onur Murat, Victor Sanchez Espinoza, Shisheng Wang, Juri Stuckert, Preliminary validation of ASTEC
V2.2.b with QUENCH-20 BWR bundle experiment, Nuclear Engineering and Design 370 (2020)

19 06.12.2021 Onur Murat — Analysis of QUENCH-20 Test with ASTEC V2.2.b Karlsruhe Institute of Technology
A [N QS N e, U o Institute for Neutron Physics and Reactor Technology
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QUENCH-20 Post Test Pictures

ASTEC did not predict strong degredation

QUENCH-20 Bundle Post Test Cross and failure of shroud
Section (Height = 650 mm)

20 06.12.2021 Onur Murat — Analysis of QUENCH-20 Test with ASTEC V2.2.b Karlsruhe Institute of Technology

26th International QUENCH Workshop, 06-09 2021 Institute for Neutron Physics and Reactor Technology
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Conclusion
® Considering the geometrical modeling pecularities axial temperature of
structures are in acceptable manner.
® Total amount of hydrogen generation, including B4C oxidation, are in good
agreement with test readings.
® Shroud failure was not observed in the ASTEC model.
® Inhomogenity of structural placement in the test section and eutectic interactions
which based on the how close the metallic structures are reason for that.
® Correct geometrical representation and placement of Blades (Slab) and Fuel

21

Channel Box (Rectangular) are necessary.

® There was no radiative heat transfer model for reactangular fuel boxes for version
V2.2.b.

® Definition of absorber material inside slab blades are not possible, which means no
eutectic interaction, no material relocation due to eutectic interactions.

Onur Murat — Analysis of QUENCH-20 Test with ASTEC V2.2.b Karlsruhe Institute of Technology

26th International QUENCH Workshop, 06-09 2021 Institute for Neutron Physics and Reactor Technology
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Fuel rod / bundle behavior in the early stages of a severe accident in a nuclear reactor
and spent fuel pool using the DEGREE facility

To deepen understanding of the core degradation processes beyond design-basis events and to
strengthen accident management measures for light water reactors, the out-of-pile integral test
facility “DEGREE” was installed at CRIEPI in 2015.

For the early stages of a severe accident in a nuclear reactor, several degradation tests using a 3x3
bundle of Zircaloy-4 were conducted to heat the temperature up to 2000 ° C under a wide range of
steam flow rates. These results revealed that under steam-rich conditions, the formation of a thick
protective ZrO; layer on the outside surface of the cladding tubes prevents the test rods from
severe degradation and the loss of geometric shape of the fuel bundle. Under the steam-starved
conditions, however, the lack of the thick external oxide layer formation on the cladding tubes
caused the exposed metallic melt (Zr,0) to relocate downward, resulting in the formation of
massive blockage in the low temperature region.

Simulating a loss-of-cooling function and loss-of-coolant accident in a spent fuel pool, a ballooning
and burst test of a single pre-hydrided fuel rod was performed with the parameters of heating
rate, rod inner pressure, and steam-air mixing ratio. The post-test rod was analyzed by OM, EPMA,
ToF-SIMS and hydrogen analyzer. The burst behavior of the test rods is discussed in relation to the
initial hydrogen concentration, the growth of the nitrogen-containing precipitates produced along
the microcracks formed at the ZrO,/a-Zr(O) interface, and air ratio in a steam-air mixed
atmosphere.

The DEGREE facility can contribute to the demonstration, elucidation, and validation of the
processes of degradation behavior for fuel bundles, core structural materials, and advanced
materials in reactors or SFPs under various prospected accident scenarios.
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0 The DEGREE facility
0 Experience on
e Bundle test in the early stages of a SA in a reactor
e Ballooning & burst single rod test in the LOCA at SFP

0 Conclusion & future work

© CRIEPI 2021 The 26th International QUENCH Workshop, December 6-9, 2021, online 2
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The DEGREE facility

Background

B  Good reproducibility of SA phenomena compared with the results of TMI-2 accident and plenty of in-pile and
out-of-pile experiments conducted so far (ex. PHEBUS-FP, CORA, QUENCH, and CODEX)

v" However, large uncertainty in physico-chemical behavior of core materials at high temperature
* Multi-component interaction between fuel rod, channel box, control rod and grid spacer
* Physico-chemical interaction between molten materials and solid component
* Competitive behavior of physical fuel failure and chemical dissolution of ZrO, by U-Zr-O melt

B Asof 2012, there were few out-of-pile integral test facilities in Japan.

B The out-of-pile integral test facility “DEGREE” was built at CRIEPI in 2015
in the framework of “Advanced Multi-scale Modeling and Experimental Test of Fuel Degradation in Severe Accident Conditions”
supported by METI, Japan.
» To deepen understanding of the core degradation processes beyond design-basis events,

» To strengthen accident management measures for light water reactors

© CRIEPI 2021 The 26th International QUENCH Workshop, December 6-9, 2021, online 3



The DEGREE facility

Scope of Work

Performance tests has been conducted concerning

» The Zircaloy-4 fuel bundle in the early stages of a SA in a reactor
» Ballooning & burst of the sim. high BU single fuel rod under LOCA at SFP

© CRIEPI 2021 The 26th International QUENCH Workshop, December 6-9, 2021, online
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The DEGREE facility

System diagram

Outer rod (Zry cladding or heater)

Reactor vessel ~
Al, O, insulator ——

Quartz tube —__|

Test bundle (3 X3) —_|
Observation window —Y

Induction heating coil

Boiler MFC

000

000 ¢ |/

Mass

| spectrometer

MFC Super
K| heater

MFC

—0000 0000

Condenser

Center rod (Zry cladding) Major specification
Test Bundle 3 X 3 rods
exhaust Carrier gas Steam, Ar, Air mixture
Heating rate <7K/s
Cooling rate >3 K/s
Heating method Induction (internal heating)
Max. temperature ~ 2000°C
Heating region 200mm (upper), 300mm (lower)
System pressure Atmospheric
Rod inner pressure <12 MPa
Load cell Not furnished
Quench medium Argon gas
Nuclear material Not available

Pressure
Gauge

Instrumentation
Thermocouples, Pyrometers, Pressure gauges
Gas chromatograph, QMS, Video recording system

K. Nakamura et al., OECD/NEA WORKSHOP-TCOFF PROJECT, July 10-12, 2019, J-village, Fukushima, Japan.

© CRIEPI 2021

The 26th International QUENCH Workshop, December 6-9, 2021, online 5



Comparison with major out-of-pile core degradation facilities

NIELS CORA CODEX | QUENCH | DEGREE
KfK KfK KIT

Institute KFKI CRIEPI

Period 1982-1986 1987-1993 1995- 1997- 2015-

Reflooding of

Perod
Core degradation  Core degradation  Core degradation e o Core degradation
Non-irrad. UO, Non-irrad. UO, Non-irrad. UO, Zr0, 72r0;
PWR PWR, BWR, VVER PWR, VVER PWR, BWR, VVER PWR, BWR,
0.4 1.0 0.6 1.0 0.2-0.5
: 25-59 7-9 23 9
0.3-4.0 0.2-1.0 0.5-0.6 0.45-6 0.0001 -7
0.1 0.2-1.0 0.2 0.2 0.1
: 0.2-6.0 0.2 0.2-6.0 0-10
2250 2230 2030 2230 2000
Steam, Ar, Steam, Ar Steam,.Ar, Steam, Ar, StearT\, Ar,
0, 0,, Air Air Air
Steam flow rate (mg/cm?/s) 30 40-120 50 110 -38
Electrical Induction

K. Nakamura et al., OECD/NEA WORKSHOP-TCOFF PROJECT, July 10-12, 2019, J-village, Fukushima, Japan.

© CRIEPI 2021 The 26th International QUENCH Workshop, December 6-9, 2021, online 6
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Bundle test in the early
stages of a SA in a reactor

© CRIEPI 2021 The 26th International QUENCH Workshop, December 6-9, 2021, online 7
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Bundle test in the early stages of a SA in a reactor

sy Non-pressurized Cross-section
Test conditions Zircaloy-4 Test rod of the bundle

(9.5 X £0.56 X 200mm) Video & Pyrometer for
_ H . the central rod
D-H27-01 D H27-02 | D-H27-04 D-H27-03 | D-H26-01 Zr wire (1) 2r0,-8mol%Y,0,

Carrier gas Steam+Ar Steam+Ar Steam+Ar Steam+Ar % ($8 X ¢6) \
Steam flow rate 0 9 wzo 840 650
(mg/s) Steam-starved Steam-rich B—Il-B
W rod (¢5.5)
(K/s) SBO IR Spacer grid (Al,05)
Cooling gas Al,O, tube ($10 X $8)
Cooling rate at
2 — 1
1600°C (K/s) 2 3 3 3 0 C C
* Constant ramp rate of induction heating power to be regulated - W rod (¢7.5)

C-C section

K. Nakamura et al., OECD/NEA WORKSHOP-TCOFF PROJECT, July 10-12, 20189, J-village, Fukushima, Japan.

© CRIEPI 2021 The 26th International QUENCH Workshop, December 6-9, 2021, online 8
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Temperature history of central test rod

2200

2000

1800

1600

4

Temperature_pyrometer (°C)

1400

1200

1000

Time (min.)

et Ity

Potential liquefaction
— c-ZrO,
__________________________________________________________ Eutectic__ Liquid
1988°C 2054°C ¥
_________________________ Y Peritectic_ |} 2000
|| I S &= 21900°C N 6-2r(0)__
~1800°C ==p>

o N

= X

N

9 S /

o Steam-rich Steam-starved
1510°C =% (D-H27-03) (D-H27-02)
S 1500
-Zr(O
1000 > 5
Zr

0 2 4 6 8 10 12 14

At. %

K. Nakamura et al., OECD/NEA WORKSHOP-TCOFF PROJECT, July 10-12, 2019, J-village, Fukushima, Japan.

© CRIEPI 2021
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____Relocation of Zr-O melt at around 1900°C

Steam-starved condition (D-H27-02)

« Cracking of the outermost
a-Zr(O) layer leading to the
release of melts to outside

Measurement point
by pyrometer «

Solid a-Zr(O) float on metallic melt
Light = Solid a-Zr(0)
Dark -> Liquid (B-Zr)

17 K. Nakamura et al., OECD/NEA
WORKSHOP-TCOFF PROJECT,
July 10-12, 2019, J-village,

Fukushima, Japan.

Surface temperature at central fuel rod (No. 51) 1880~1900°C (on heating)

© CRIEPI 2( 10



Steam-starved condition
(Max. temp 2013°C, D-H27-02)

Cross section at central height for the central test rod

Top region
Solid a-Zr(0)
Solid-Liquid mixture of
S a-Zr(0)+B-Zr
E -
'y
= . .
‘g Phase diagram in the Zr-O system
G
O 08 [ — cubic-ZrO,.,
c £
2 e 7
o g |
cqc) E & tetr.ZrO,_,
1000 -
[ ! N
Blockage - 6 80 100
at bottom At % ©
region

K. Nakamura et al., OECD/NEA WORKSHOP-TCOFF PROJECT, July 10-
12, 2019, J-village, Fukushima, Japan.

© CRIEPI 2021 The 26th International QUENCH Workshop, December 6-9, 2021, online 11




Steam-rich condition

(Max. temp 1988°C, D-H27-03)

Cross section at central height for the central test rod Cracking formation to central direction
vertically along the ZrO,/a-Zr(O) interface

¥

tetragonal ZrO .
8 2 B, Outside
%

on,
prior cubic ZrO, ',9/2’02

cubic ZrO,+a-Zr(O)

Phase diagram in the Zr-O system

Crack formation region inward

— 2500

» No liquid phase n L cubic-Zr0,,

formation, relocation| ¢ 2000 - -
tungsten and bIock.age g B-Z

» Preservation of the S 1500 | ]

ﬁ 5} & tetr.ZrO,_,

coolable geometry [

4 Stabilized up to ~2000°C 1000 | =
©F  IrO, pellet % ; 0w
v Zr At. % 0

=—100pm
K. Nakamura et al., OECD/NEA WORKSHOP-TCOFF PROJECT, July 10-12, 2019, J-village, Fukushima, Japan.

© CRIEPI 2021 The 26th International QUENCH Workshop, December 6-9, 2021, online 12
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Ballooning & burst single
rod test in the LOCA at SFP

http://www.tepco.co.jp/fukushima1-np/b42307-j.html

© CRIEPI 2021 The 26th International QUENCH Workshop, December 6-9, 2021, online 13
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Accident progression scenario at SFP

Occurrence of a causative event Cladding burst resulting in FP release to RB

Normal condition Water level lowering Fuel Uncovery Collapse of Fuel rod Recovery

Main impact on Spent » Water temp. rise » Zr-H,0 reaction » Oxidation/Nitridation in air + steam

Fuel heat-up » H, production * Severe H, production

> Residual decay » Enlargement of cladding strain * Radioactive FP release in RB

heat * Collapse of fuel rod
SFP water » SFloading pattern
level and » Timing, location,
i and scale of

accident coolant leaks from - | | i H l{
progression the SFP liner | u] |j i

» Reaction of spent
fuel cladding with
air/steam at high
temperature

Timing Loss-of-cooling accident 1 day to weeks

Hours to days hours
Loss-of-coolant accident Hours to days

AM measures * Mitigation of

leakage  f-----oooaaamens R
» Emergency power supply * Alternative spray Accident progression i EEERRapetiution in RE
> Alternative water injection system system AM countermeasures * Inhibiting the implementation

» Mobile spray equipment of additional AM measures

» Status monitoring function
» Recovery guidance
» Distributed arrangement of FA, etc.

(freshwater/sea  |f~-==---=---------

Nd

Redrawn on the figure in OECD-NEA/CSNI/R(2015)2

© CRIEPI The 26th International QUENCH Workshop, December 6-9, 2021, online 14
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Purpose of this study

To contribute evaluation of the effectiveness of AM measures and the
implementation of PRAs with sufficient knowledge and low uncertainty,

» To present continuous dataset of the ballooning and burst behavior under

a wide range of postulated LOCA conditions in SFPs based on the actual
SFP system and the accident progression

» To propose a fuel cladding burst model in realistic LOCA conditions at SFPs

© CRIEPI

The 26th International QUENCH Workshop, December 6-9, 2021, online 15



Experimental setup

Center rod Outer heater rod
Zry cladding
Al, O, (sim-pellet) Al,0; tube
W (susceptor) W (susceptor)
_ TIG weld
A4 Gas plenum
l€— Spacer grid ‘€— Spacer grid
P Zry cladding e Al,O; tube
£ 4— — Max temp.
o
Thermocouple
v
i 4 TIG weld
wn
on

<4— Spacer grid

3
‘
i

Pressure gauge

<4— Spacer grid

Cross-section
of the bundle

© CRIEPI 2021

Temperature or Output

Flow rate

Typical Time History

4 Pre-heating
Conditioning Heat-up Cooling
—>—> «—

Surface temperature Burst
of fuel cladding

T<490°C

!

Power supply output

Ar 10 L/min
Ar5L/min  Ajr 3 L/min or 5 L/min
i ol R
Time'

Steam 3.6 g/min or 6.0 g/min/

K. Nakamura et al., Proc. Global/TOP FUEL 2019, Seattle, WA, Sep. 22-26, 2019.
K. Nakamura, K. Inagaki, Proc. TOP FUEL 2021, Santander, Spain, Oct. 24-28, 2021.

The 26th International QUENCH Workshop, December 6-9, 2021, online 16
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Test conditions

Item Unirradiated Irradiated
Zircaloy-4 (SR Zircaloy-2 (RX
Fuel cladding tube Y ( ) Y ( )
As-received Pre-hydrided As-received Pre-hydrided
Sim-fuel (mm) Al, O, Al,O, AlLO, AlLO,
Susceptor (mm) Tungsten Tungsten Tungsten Tungsten
Heating rate (°C/s) * 10*, 103,102 103 10*, 103,10 103
Rod inner pressure (MPa) 1, 4,8, 12 4,8 1,2,4 2,4
Air/(Air+Steam) ratio (%) 0, 40, 100 100 0, 40, 100 100 on-going in
NEA/SCIP-I11/IV

Initial H, conc. (ppm)

<3

100-2400 <3 50-1290

Internal volume (cc) 16 16 16 16
Plenum temperature (°C) 20 20 20 20
Circumferential temperature

difference (°C) <10 <10 <10 <10
Fuel pitch (mm) 12.6 12.6 14.5 14.5
Reference Topfuel 2019 2 | Topfuel 20217 | Topfuel 2021" In progress

*1 S. Nishimura, Consultancy Meeting on the Managing Decay Heat in Spent Fuel Storage, 9-12 Dec., Vienna, IAEA (2013).
*2 K. Nakamura et al., S. Nishimura, Proc. Global/TOP FUEL 2019, Seattle, WA, Sep. 22-26, 2019.
*3 K. Nakamura, K. Inagaki, Proc. TOP FUEL 2021, Santander, Spain, Oct.. 24-28, 2021.

© CRIEPI

The 26th International QUENCH Workshop, December 6-9, 2021, online 17
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Ballooning and Burst behavior

1000 1000 = 160 . .
o ooexs || Lt 2 '
1 ® 0004K/s ° 140 1 *: :
. 1 9!

900 | ® | o oooo4Ks 900 , i = I '
‘23 5 £120 | P92 |

o 0 aTo20 43 e 1 & 4 4 ! 41
< G (SN v g Lo '
< 12 %100 & 0 :
£ 800 ¢ 1e £ 800 I Ar=20 _g 4 N 7 Vo $2 :
g 40 g 7 4 ®2/ o1 ® 2 , v oia© :
g g AT=0 — 80 r AT=20 Y '
5 2 700 ®a ° £ i\* |
S L - | H
= 700 40 2 £ 60 || Colors of numbers 'y .1 !
5 8 o @ O 4 15 Air 0% ! :
@ 4 o 3 “ Air 40% ! :
= H ; o ! 1
600 | 12 o 8e 600 Colors of numbers o Air 100% ! !
Air 0% !
0.0 ! !
s e, o g RN
O 0.0004K/s Air 100% O 00004K/s ; ;
500 T R R 500 - + 0o L v 0 0 Lo [

0 1 10 100 0 1 10 100 1,000 500 600 700 800 900 1,000

Burst Time (h) Burst Time (h) Burst Temperature (°C)
Start at 490°C

» Lower rod pressure and lower heating rate resulted in the extension of the time to burst.

» Less impact of the air ratio in the atmosphere on the burst condition

» Except for the strain behavior, the effects of thermodynamically stable phases on the
ballooning and burst behavior of Zircaloy-2 were negligible.

K. Nakamura, et al., Proc. Global/TOP FUEL 2019, Seattle, WA, Sep. 22-26, 2019.
K. Nakamura, K. Inagaki, Proc. TOP FUEL 2021, Santander, Spain, Oct. 24-28, 2021.

© CRIEPI The 26th International QUENCH Workshop, December 6-9, 2021, online 18



Influence of pre-hydrogen concentration on ballooning and burst

: Pre-hydrided Zircaloy-4 (this
e e e A As-received Default burst temperature (MAAP) Hydrideim y-4 (
* Heating rate 0.004 °C/s 750 | T M0 >
* Air atmosphere R S e ___ e
3) ® — o g, - 120 ¢
~ 700 Almost constant © Downtrend ‘©
o o '\ L 100 &
S | o & 2
2 60 O O |0 oo L g0 .S
([ C
o ° 8 e L o)
€ 600 | o0 60 % Average 822 ppm (H)
g [| ® Temp at burst_4Mpa o) 8.) L 40 Hé . 200 um
@ o || eTempatburst 8 MPa © “0% o 3 BWR fuel cladding after 5 cycles
8 [| ©max strain at burst 4MPg [|O o - 20 5
Omax strain at burst 8MPa
500 S S Y Y SR A
1 10 100 1000 10000
Pre-hydrogen concentration (ppm)
» The burst strain and the burst temperature
* Below 200-300 ppm Remain unchanged
e Above 300 ppm Decrease as the hydrogen concentration increases 5. Shimada et ol, N 327 (2004) 97-113. 500y
> It '|s specula.t(.-:‘d that.the observed'changes are associated with the ductile- Good similarity to hydride orientation
brittle transition of Zircaloy-4 cladding tube. found in high burnup fuel cladding

© CRIEPI The 26th International QUENCH Workshop, December 6-9, 2021, online 19
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Hydrogen concentration distribution

Pre-hydrided Zircaloy-4 As-received Zircaloy-2
 Heating rate 0.004 °C/s A X' i » Heating rate 0.004 °C/s
* Air atmosphere Ial Radlal » Steam atmosphere

. * 603 ppm (H) at 24mm
-hydrogen concentration top a-Zr(O)+B-Zr 4. .
ydrog I 4 ( )*B a-Zr(O) resin above the burst opening
2500 at high temp. " ZrO?¢
2417 ppm A
= upward G Nan)
S 2000 + . o
2 * ! 3
c [ ' k
iy t 1700 ppm ! t
%D 1500 ' e 2417ppm/4MPa(Run 36) I%
S [ ! —e—1700ppm/8MPa(Run 37)
> L | —0—700ppm/4MPa(Run 46) o
f L : —0—700ppm/8MPa(Run 48) . r i.
S 1000 1 | o e 43 Bright:a-Zr(O) £
g . /of**/o Dark:a-Zr 3
o L
O 5 [ 100 at room temperatur 3
r M - <«
[ 338 ppm = —L:r B inner outer 5 ;'
0ol ‘ ‘ ' ‘ ‘ Optical microscopy image  lon image of hydrogen
-60 -40 -20 0 20 40 60 (TOF-SIMS)
Axial distance from bust opening (mm)
» Hydrogen was concentrated in B-Zr phase of the
bottom o+B two-phase region at high temperature,
» Less change in the axial hydrogen concentration distribution similar to as-received Zircaloy-4.

during the accident progression in air atmosphere.
K. Nakamura, K. Inagaki, Proc. TOP FUEL 2021, Santander, Spain, Oct. 24-28, 2021.
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ZrN formation at the ZrO,/a-Zr(O) interface

X-ray map of Nitrogen (EPMA) in cross section of burst opening region
Inner surface .

As-received Zircaloy-2

A tiny amount of
localized nitrogen

0 degree

E 2 3 - a-Zr(0)

o Q
g 2 2
o ] 4
i B g
_ 180 degree |

Run 13 | ; ¢
. ﬁ\,&ﬁ . L Ly L-
Rod inner pressure m ‘l’if‘ o :

Burst temp. 804°C

745°C Max. temp

[ ZrO,

N —0 L

Outer surface  Crackin
0.004°C/s Heating rate 0.004°C/s ~racking

Atmosphere

» The formation of low-density ZrN, which make the corrosion rate increase lineally, was confirmed at the ZrO, / a-Zr
(O) interface with cracking in the outer oxide ZrO, layer.
» The nitrogen maps suggest that the growth of the nitrogen-containing compound may proceed after the burst, thus

supporting the finding that the impact of air ingress on burst behavior is small under LOCA conditions in an SFP.
K. Nakamura, K. Inagaki, Proc. TOP FUEL 2021, Santander, Spain, Oct. 24-28, 2021.
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Conclusions

» With the DEGREE facility, a series of the bundle degradation tests in the early stages of a severe
accident was performed in steam environments up to 2000 °C in CRIEPI.

* In case of the steam-rich condition, the formation of a thick protective ZrO, on the outside
surface of the cladding tubes prevented the test rods from severe degradation.

* |n the steam-starved condition, however, characteristic features such as formation of
metallic melts throughout the bundle region, downward relocation of the melts, and
formation of massive blockage were observed.

» Ballooning and burst tests for the simulated HB fuel cladding tube have also been studied
focusing on the LOCA scenario at SFP.

» The DEGREE facility can contribute to the demonstration, elucidation, and validation of the
processes of degradation behavior for fuel bundles, core structural materials, and advanced
materials in reactors or SFPs under various prospected accident scenarios.

© CRIEPI The 26th International QUENCH Workshop, December 6-9, 2021, online
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Future works

» The sim. high BU fuel rod under beyond DBA conditions
» The candidate ATF bundle tests under beyond DBA condition

(ATF-TS in IAEA)
» The accident tolerant control rod (ATCR) tests under beyond DBA condition

© CRIEPI The 26th International QUENCH Workshop, December 6-9, 2021, online 23
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Thank you for your attention!
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26" International QUENCH Workshop

A. Pshenichnikov, Y. Nagae, M. Kurata
JAEA-CLADS

Outline of the CLADS-MADE-03 test under steam-rich conditions and high heating rate

To investigate the real debris from the Fukushima Dai-Ichi (1F) Unit 1 is still a challenge because of
a high dose rate due to melted fuel and fission products distributed in a damaged reactor pressure
vessel (RPV) and a primary containment vessel (PCV). However, exact distribution, chemical
composition and properties of the 1F units’ debris remain uncertain.

After accidents at the 1F, JAEA/CLADS is constantly supporting TEPCO by making R&D to find
proper solutions for current challenges. That is why we are developing a test approach for
studying large-scale BWR bundles degradation under various conditions and study sim-debris to
reduce the uncertainties [1]. This is a part of the big work with such ultimate goals as the
understanding of BWR core degradation scenarios, debris formation mechanisms in BWRs, and
possible properties of debris under 1F-like conditions.

This research was aimed at understanding of the features of melt progression and debris
formation under postulated conditions, which mirror a beginning phase of an accident at the Unit
1. By using the available limited data and by comparison with the other Units’ scenarios which
were elaborated earlier [2], it was possible to grasp the 1F Unit 1 conditions. The CLADS-MADE-03
test allowed checking a materials’ behaviour in high-temperature steam. The initial heating rate
was 1 °C/s, reaching maximum temperature 1600 °C at the hottest top bundle point. The axial
temperature gradient of 500 °C/m forced the metallic melt to solidify in between the channel
boxes in the colder elevations and interact with bundle materials.

The result of this interactions was observed at the polished cross-sections and investigated using a
complementary SEM, Raman imaging microscopy techniques and EPMA (WDS).

It was established, that there were lots of unreacted B,C material encapsulated in the metallic
melt under the temperature = 1500 °C. The reacted traces of previous B4C contained only pure
graphite. Below this temperature a blockage consisted of solidified metallic Fe-based melt was
found. Unlike previous tests, this time a partial formation of eutectic consisted of the Zr-SS-

B4C elements happened. A strongly localized character of Zr wall dissolution caused by the
interaction was investigated metallographically. The degraded oxide layer was captured by Raman
technique. The interaction of Zr-bearing eutectic melt with Zr oxide became a particular focus of
the investigation.

After a comprehensive analysis of the available data it was possible to state the following:

e Ni effect on accident progression is low — it is always as admixture to Fe.
e Fe creates eutectics with B, which starts the degradation of the fuel control blade.

e If the oxide layer at the channel box is thin (approximately less than 10 um), and such
oxide is covered by Fe-B melt, oxide can be dissolved in channel box Zr bulk material
and let Fe contact with metallic Zr.

e After formation of Zr-Fe eutectic the situation develops much more catastrophic, and
melting continues eating out the walls of channel boxes and claddings sometimes with
exothermic reaction — it is because we observed formation of Zr(Fe,Cr), Laves phase.
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Which causes release of free energy, which locally increases the temperature
(according to preliminary data about 100-150 °C), which helps local destruction and
dissolution of Zr oxide layer and supports the liquid state longer than for usual ferrous
melt.

e Appearances of the Fe-rich melt and the Zr-rich melt during relocation are essentially
different - a tiny oxide looked like a plastic bag at the surface of relocating Zr-rich melt
can additionally decrease heat release to the outside and supports the liquid state.

e Cris a phase stabilizing agent — in absence of Zr it preferentially stabilizes (Cr,Fe)B and
other boride phases, but in case of Zr present in the melt, Zr accumulates all B from
the melt and pushes all Cr to takes part in Zr(Fe,Cr), formation. As a result, almost all
Cr is concentrated in intermetallide Laves phase and all B in ZrB; borides.

e Formation of the two very stable phases from liquid releases much of energy to
support longer high temperature enough for the relocation to colder areas, where
oxide layer is thinner

e When oxide layer is covered by such Zr-bearing melt, it immediately dissolves the
oxide layer in two directions into the bulk of base material and to the liquid melt. The
latter process is much faster.

e Fe-Ni melt is still unable to penetrate the bulk of the channel box until the alpha layer
exists.

e If penetration happens it happens very locally. At the same time, large amount of Zr-
containing metallic melt can really dissolve large amount of oxide and completely
liquefy the lower core region.

This knowledge provided new insights for understanding of the influence of an absorber blade
melting on the overall bundle degradation under specific accident conditions close to 1F Unit

1. Post-test characterization of debris suggested need for the further investigation of the sim-
debris properties because same kind of metallic debris with B are possible to find also in the PCV
of the damaged 1F Unit 1.

A part of this study was performed in the framework of "Advanced Multi-Scale Modelling and Experimental Tests on Fuel
Degradation in Severe Accident Conditions" supported by Ministry of Economy, Trade and Industry, Japan.
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Abstract

To investigate the real debris from the Fukushima Dai-Ichi (1F) Unit 1 is still a challenge because of
a high dose rate due to melted fuel and fission products distributed in a damaged reactor pressure
vessel (RPV) and a primary containment vessel (PCV). However, exact distribution, chemical
composition and properties of the 1F units’ debris remain uncertain.

After accidents at the 1F, JAEA/CLADS is constantly supporting TEPCO by making R&D to find
proper solutions for current challenges. That is why we are developing a test approach for
studying large-scale BWR bundles degradation under various conditions and study sim-debris to
reduce the uncertainties [1]. This is a part of the big work with such ultimate goals as the
understanding of BWR core degradation scenarios, debris formation mechanisms in BWRs, and
possible properties of debris under 1F-like conditions.

This research was aimed at understanding of the features of melt progression and debris
formation under postulated conditions, which mirror a beginning phase of an accident at the Unit
1. By using the available limited data and by comparison with the other Units’ scenarios which
were elaborated earlier [2], it was possible to grasp the 1F Unit 1 conditions. The CLADS-MADE-03
test allowed checking a materials’ behaviour in high-temperature steam. The initial heating rate
was 1 °C/s, reaching maximum temperature 1600 °C at the hottest top bundle point. The axial
temperature gradient of 500 °C/m forced the metallic melt to solidify in between the channel
boxes in the colder elevations and interact with bundle materials.

The result of this interactions was observed at the polished cross-sections and investigated using a
complementary SEM, Raman imaging microscopy techniques and EPMA (WDS).

It was established, that there were lots of unreacted B,C material encapsulated in the metallic
melt under the temperature = 1500 °C. The reacted traces of previous B4C contained only pure
graphite. Below this temperature a blockage consisted of solidified metallic Fe-based melt was
found. Unlike previous tests, this time a partial formation of eutectic consisted of the Zr-SS-

B.4C elements happened. A strongly localized character of Zr wall dissolution caused by the
interaction was investigated metallographically. The degraded oxide layer was captured by Raman
technique. The interaction of Zr-bearing eutectic melt with Zr oxide became a particular focus of
the investigation.

After a comprehensive analysis of the available data it was possible to state the following:

e Ni effect on accident progression is low — it is always as admixture to Fe.
e Fe creates eutectics with B, which starts the degradation of the fuel control blade.

e If the oxide layer at the channel box is thin (approximately less than 10 um), and such
oxide is covered by Fe-B melt, oxide can be dissolved in channel box Zr bulk material
and let Fe contact with metallic Zr.

e After formation of Zr-Fe eutectic the situation develops much more catastrophic, and
melting continues eating out the walls of channel boxes and claddings sometimes with
exothermic reaction — it is because we observed formation of Zr(Fe,Cr), Laves phase.
Which causes release of free energy, which locally increases the temperature
(according to preliminary data about 100-150 °C), which helps local destruction and
dissolution of Zr oxide layer and supports the liquid state longer than for usual ferrous
melt.
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e Appearances of the Fe-rich melt and the Zr-rich melt during relocation are essentially
different - a tiny oxide looked like a plastic bag at the surface of relocating Zr-rich melt
can additionally decrease heat release to the outside and supports the liquid state.

e Cris a phase stabilizing agent — in absence of Zr it preferentially stabilizes (Cr,Fe)B and
other boride phases, but in case of Zr present in the melt, Zr accumulates all B from
the melt and pushes all Cr to takes part in Zr(Fe,Cr), formation. As a result, almost all
Cr is concentrated in intermetallide Laves phase and all B in ZrB; borides.

e Formation of the two very stable phases from liquid releases much of energy to
support longer high temperature enough for the relocation to colder areas, where
oxide layer is thinner

e When oxide layer is covered by such Zr-bearing melt, it immediately dissolves the
oxide layer in two directions into the bulk of base material and to the liquid melt. The
latter process is much faster.

e Fe-Ni melt is still unable to penetrate the bulk of the channel box until the alpha layer
exists.

e If penetration happens it happens very locally. At the same time, large amount of Zr-
containing metallic melt can really dissolve large amount of oxide and completely
liquefy the lower core region.

This knowledge provided new insights for understanding of the influence of an absorber blade
melting on the overall bundle degradation under specific accident conditions close to 1F Unit

1. Post-test characterization of debris suggested need for the further investigation of the sim-
debris properties because same kind of metallic debris with B are possible to find also in the PCV
of the damaged 1F Unit 1.

A part of this study was performed in the framework of "Advanced Multi-Scale Modelling and Experimental Tests on Fuel
Degradation in Severe Accident Conditions" supported by Ministry of Economy, Trade and Industry, Japan.
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The CODEX-SBO experiment

A CODEX-SBO experiment was carried out at the Centre for Energy Research (EK) in order to
simulate Station Black Out accident with injection of water from the hydroaccumulators during the
event. The reference scenario was taken from safety analyses for the VVER-440 units of the Paks
NPP.

Seven-rod electrically heated VVER type bundle was used with 600 mm heated length. The bundle
was covered by Zr shroud. The composition of outlet gases was monitored with mass
spectrometer. During the experiment, the maximum cladding temperature reached 1900 °C. The
presence of steam in the atmosphere accelerated the oxidation of Zr components. The post-test
examination confirmed that thick oxide layers were formed and part of the bundle suffered brittle
failure.
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=i 8] Objective

 The CODEX-SBO experiment was carried out at the Centre for Energy Research (EK) in order to
simulate Station Black Out accident with electrically heated 7-rod bundle.

* The essential elements of the CODEX-SBO experiment are the following:

* 1. After loss of all power of the power plant, water injection starts from the hydroaccumulators to the
bundle.

e 2. The bundle is successfully cool down, but without active cooling systems water boils and the zone
dries out.

* Reference scenario was taken from safety analyses for the VVER-440 units of the Paks NPP.
* Pre-test calculations has been performed by NUBIKI.

* Cool-down of the bundle has been implemented by water quench.
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@ Bundle desing

Heated fuel rod

* VVER bundle type: RIoEt p—
hexagonal arrangement of 7 rods il —

Tungsten wire

* Height of rods: 600 mm

Pellet

* 6rods (periphery)
electrically heated - no pressurized

Bundle cross section

Bundle

* 1 rod (in the center)
unheated - pressurized

Graphite sealings

1
L1
{

Main plate

Capillary connection Al % ,
Graphite sealings
Auxiliary plate Lower head

‘ ‘ Main plate

e Cladding material: E110 (3.,5.)
E110G (1., 4., 7.)
E110h.p. (2., 6.) alloy

* ZrO, ceramic pellets

Auxiliary plate

Electric rails

* Tungsten heaters (580 mm)

Electricrails

15

e 2 spacer grids (Zr1%Nb alloy)

{ 5

e Hexagonal shroud (Zr2.5%Nb alloy, 1000 mm) | Test section with seven-rod bundle



Centre for /\ c o . . .
@ Cross section of the test section with thermal insulations

G s) Heated rod
_\_ “Tungsten wire

ZrO, pellet
Zr1%Nb tube

G.9 Unheated rod
High temp. thermocouples

Shroud (Zr2%Nb)

SiO, & AlL,O5 & ZrO, fibre
Stainless steel tube
@101.6/97.6 mm

Optional tube heater
Calcium silicate @250 mm




@ Measurement of parameters
T N TN

C-type- W5% Re/W26% Re in Zr

chield tube Rod surfaces and inner side

Temperature
Others (coolant, off-gas, stainless

K-type steel tube, ...)

Argon flowrate Calibrated flowmeter Gas supply system

Calibrated pump Pump

Mass spectrometer Gas outlet

m DC power units Rail of electric connections

P transducer, 6 bar/4-20 mA Test section upper head

P transducer, 100 bar/4-20 mA Pressurization system

DP transducer device Condenser tank 6
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Preparation Preparation Heat-
phase1 Heat-up phase1 Quench1 phase2 ps:sgg Quench2
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l. phase:
e T..,=800°C
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Il. phase:

* Repeated heat-up in steam
atmosphere

* t=40 min.

+ T =1600°C
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@ Images of the bundle (endoscopic)

20194
 Debris was accumulated * Burst of the central rod

on the lower spacer grid

* Upper part of the 5th rod is broken
down * Thick oxide layers were formed on the upper part of the

bundle and the shroud




Oxide layer thickness

Outside oxide layer
Above 450 mm height: 400-500 um
Under 450 mm height: 100 um

Inside oxide layer only on central rod
Above 550 mm height: 40-80 um

11



@ Cross sections of rods (Optical microscopy)

Compact oxide
layer

metal

500 mm

,metal in oxide layer”

— 2
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@ Scanning electron microscope images

Electron Image 3 | __EDS Layered Image 1

o[ eecvon

Spektrum | Spektrum12 | Spektrum13 | Spektrumid4 | Spektrumis. |

o) 11.88 15.32 27.19 30.75

Zr 86.42 82.96 71.11 67.80

Nb 1.69 1.72 1.70 1.46




. @ summary
 The CODEX-SBO test was successfully performed on the 11th October 20109.

* The experiment was carried out with temperature conditions which were close to the specified ones
by pre-test calculations.

* Seven-rod electrically heated VVER type bundle with 600 mm heated length was used.
* The bundle was covered by Zr shroud.

 The composition of outlet gases was monitored with mass spectrometer.

* The presence of steam in the atmosphere accelerated the oxidation of Zr components.

* In the first phase the maximum temperature reached 800 °C. Cladding burst took place at the same
temperature due to pressurization of the central rod. Consequence of the opening the coolant
entered to the rod and started chemical reactions on both sides of the cladding.

* |In the second phase the maximum cladding temperature reached 1900 °C.

* Total H, generation=32,0g.

* Cool-down of the bundle was performed with water quench.

* The post-test examination was confirmed that thick oxide layers were formed and

part of the bundle was suffered brittle failure. 14
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Refined relationship between through wall clad oxygen diffusion profiles and post-
quenching impact properties of as-received and pre-hydrided Zircaloy-4, following High-
Temperature (HT) steam oxidation

The presentation will focus on impact properties of low-tin Zircaloy-4 claddings, pre-hydrided or
not, after High Temperature oxidation followed by direct quenching. A "refined" relationship
between these impact properties and the oxygen and hydrogen diffusion profiles & partitioning
through the wall clad thickness will be presented and related to the local clad failure mode upon
Room Temperature impact testing, using systematic Post-Quench fractographic examinations.

The presented "correlation refinement" is based on already published data [1], and, after
updating, directly correlates the impact properties to the oxygen profiles measured by EPMA, with
taking into account the additional effect of hydrogen, for pre-hydrided materials.

The presented work was performed at CEA in the framework of the “GAINES” project of the
French Nuclear Institute I13P between CEA, Framatome and EDF.

Reference:

[1] JC. BRACHET, V. MAILLOT, L. PORTIER, D. GILBON, A. LESBROS, N. WAECKEL, J.-P. MARDON, “Hydrogen
Content, Pre Oxidation and Cooling Scenario Influences on Post-Quench Mechanical Properties of Zy-4 and
M5TM Alloys in LOCA Conditions - Relationship with the Post-Quench Microstructure”, ASTM 15th
International Symposium on Zirconium in the Nuclear Industry, June 24- 28, 2007, Sunriver, Oregon, USA,
Journal of ASTM International, Vol. 5, No. 4, Paper ID JAI101116, (2008)
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Correlation between PQ Mechanical properties vs. PQ clad pstructure + oxygen/hydrogen
diffusion/partitioning, derived from previous studies carried out at CEA (1/4)

Compared to most usual PQ mechanical tests: RCT and/or 3 or 4P-BT carried out at 135°C, impact testing at RT after direct
quenching from the HT B, temperature range (>1000°C) should be viewed as:

- amore demanding test,

- bringing additional informations on the residual toughness of oxidized cladding and the propagation mode of the crack

= As recalled here-after, a quite simple correlation has been derived between PQ impact properties and microstructural-
microchemical state of the HT oxidized and quenched claddings

— not so easy for RCT and 3-4P-BT due to heterogeneous stress/strain fields evolution inside the tested samples upon the
mechanical testing:

FE calculations and \
i . . Failure
experimental imaging ( ) \

+ DIC of PQ RCT: S ;

‘ A. Charbal, G. Nony et al., CEA

D. Leboulch et al., CEA

Commissariat a I’énergie atomique et aux énergies alternatives jean-christophe.brachet@cea.fr 3 décembre 2021



Schematic of a LB-LOCA transient
and of the associated microstructural
-microchemical clad evolution
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Correlation between PQ Mechanical properties vs. PQ clad pstructure + oxygen/hydrogen
diffusion/partitioning, derived from previous studies carried out at CEA
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oxygen content value inducing
Ductile-to-Brittle transition at RT:

[O] ~0.4-0.5wt.%

prior-f3

Remark: at 135°C, critical O content is slightly higher

a,.(0) Prior-B,,
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Correlation between PQ Mechanical properties vs. PQ clad pstructure + oxygen/hydrogen
diffusion/partitioning, derived from previous studies carried out at CEA (3/4)

Study of pre-hydrided materials to simulate « Burn-Up » effects:

(1) « Intrinsic » hydrogen PQ embrittling effect (2) « Indirect » hydrogen PQ embrittling effect
highlited by flash oxidation test (50s) at 1000°C by increase of oxygen solubility within the B, phase at HT (thus,
followed by direct water quenching => ECR < 1% increasing the overall oxygen quantity diffusing into residual prior-B,, layer)
=> Impact Energy decrease vs. [H] content increase As-received and prehydrided Zircaloy-4 one-sided oxidized for 180s at 1200°C:
1,00 #
045 : 0,90 -
"*E T e ooty (. D - c oo I T | —+—2y-4 Vierge —=— H=90ppm —+— H=150ppm - H=300ppm —*— H=600ppm
E ' o S 080 ---1 b~~~ =~ —m e
> 03 A = o701 ) : oxidation
X 028 fusasigy ’." e | & 0,60 o] {‘ Ll ‘
> ~. x N ks Ifu and
g DZ R e e R \ T D1 oo 050 4 - i‘gl‘“ *‘)““.‘, “!L'l'lt” :
£ 045 {ommmmnnin e .y..:..UAOO?e".?.‘p__?_'. - i ’ Sy ’?’tﬁ{ [N,
B 2 = J o - - y S IK '
g 041 e ™ f 1 -5 & S 20 0.40 ) , ) 7
3 AE L e e e - FRE S = 0,30 | ¢ o | .
E & | 4 re,
= 0 L . . | oo | Critical » (brittle) "% e A e
0 200 400 600 800 " | [O] content threshold ' :
0,10 T T T T T
wt.ppmH 0,00 100,00 200,00 300,00 400,00 500,00 600,00

Distance from ZrO,/a.,(O) interface (um)
Journal of ASTM International (2008)
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Correlation between PQ Mechanical properties vs. PQ clad pstructure + oxygen/hydrogen

diffusion/partitioning, derived from previous studies carried out at CEA (4/4)
— 045
. E — A
Based on previous results, E 0,4
it was possible to derive a preliminary :'; 0,35 , ¢
relationship between: = 0.3 | R= 0'90_1,5- oA
, ) i | U e
- Residual prior-B,, layer thickness; 21025 LT R*=0,8719
(8} ’ PR
- Averaged prior-B,, oxygen and g 0.2 ,.r/(’ ,,,,,, o
hydrogen(*) respective contents = LeET 4
(assuming « additive » contributions 015 F- ./, P A
of both O and H respective influences); 0,1¢ - A —_— TS
f P f ) 7 MR ¢ as-received and prehydrided Zy-4
and 0,05 Ao
. A as-received and reh drided M5(R
the measured PQ impact energy values i ‘ ‘ ‘ ‘ PIEnY $ )
, 0 ,eesB05eeeddl, 015 02 .0.25---0,3.. 035
Journal of ASTM International (2008) Brittle e {(0 4%- [%0 (prior-Beta) ]) X (prior-Beta) / X0} {A exp(-B.[H-ppm] Beta)} o
Effect of oxygen content assuming: Prior-p, Intrinsic H effect assuming an exponential
- alinear dependency of the PQ impact rgla‘rive relationship betweeen PQ impact energy
energy vs. prior-p,. O content thickness and the actual(*) prior-pz,. hydrogen content
- [0]=0.4 wt.% as a brittle threshold value (see left fig. of previous slide)

(*) assuming that all the available hydrogen is concentrated within the residual prior-8Zr layer (as highlighted by PQ u-ERDA and/or u-LIBS
hydrogen quantitative mappings already done, (C. Raepsaet et al. - Nucl. Instr. & Meth. in Phys. Res. (2008), JC. Brachet et al. - INM (2017)...)
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Refinement of the correlation between through wall clad oxygen diffusion profiles
and post-quenching impact properties of as-received and pre-hydrided Zircaloy-4 (1/5)

The « idea »: to take benefit of the oxygen diffusion profiles measured by EPMA on HT steam oxidized and quenched
Zircaloy-4 clad samples (pre-hydrided or not), assuming that: the residual prior-BZr layer can be considered as a
multilayered structure, each sublayer having is own « toughness » (i.e., impact energy), depending on the local oxygen and
hydrogen respective contents

= Systematic comparison between prediction of the local failure mode and PQ fractograph examinations...

Database used to assess the {PQ impact Energy vs. microstructural/microchemical parameters} correlation refinement:

» Materials: as-received and prehydrided low-tin Zircaloy-4 (H content ranging from <10 wt.ppm up to ~600 wt.ppm)

» One-sided steam oxidation at 1000, 1100°C and 1200°C + direct water quenching down to RT

» ECRy, ranging from ~5% up to ~27%

» Systematic PQ impact testing, fractography, accurate phase thicknesses measurements from OM and SEM, and EPMA

=> see some illustrations on next slides
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Refinement of the correlation between through wall clad oxygen diffusion profiles
and post-quenching impact properties of as-received and pre-hydrided Zircaloy-4 (2/5)

Typical through wall clad oxygen profiles measured by EPMA after one-sided steam oxidation at 1200°C:

=> Typical Oxygen absolute content measurement accuracy ~ 0.1 wt.% (as-received Zircaloy-4 oxygen content ~ 0,13 wt.%)

wt.% Oxygen
o
(3,

One-sided steam oxidation for ~50-60s at 1200°C -

ECRg,~5%

—+—H<10ppm
—=-H=85ppm

+-H=150ppm ||

- H=300ppm
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04
0‘3 e i3 N O
0,2 AN <
WLl
0.1 S L &t
Tyt
0,0 : : - : :
0 100 200 300 400 500

distance from ZrO,/0g(O) interface (um)

600

0,9

0,2

0,1

0,0

One-sided steam oxidation for ~200s at 1200°C -

ECRg,~10%

One-sided steam oxidation for ~500-600s at 1200°C - ECRg,~16%

0,9 .
——H<10ppm ——H<10ppm
~=—H=90ppm 08 ~=-H=85ppm ||
——H=150ppm | 07 o ~+H=150ppm ||
H=300ppm ol 4l H=300ppm
—~—H=600ppm || |08 ,"‘% i {7 ——H=600ppm |
I ;"‘_‘ |
X g T 0,4 1
; : J 0,3
? i\ \ L &
M T
0,1
T i ' T T 0,0 . ; . ; :
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distance from ZrO,/a;(0) interface (um)

distance from ZrO,/az(0) interface (um)
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Refinement of the correlation between through wall clad oxygen diffusion profiles
and post-quenching impact properties of as-received and pre-hydrided Zircaloy-4 (3/5)

Typical fractographs of PQ impact tested samples after one-sided steam oxidation at 1200°C for ~1 min:

Zr0,+0,,(0)
\ Prior-B,, B = nearly « Brittle » D = Ductile
ol
p

H=600ppm,
50s @ 1200°C
(0.03J/mm?)

H=150ppm, H=300ppm,
55s @ 1200°C 50s @ 1200°C 50s @ 1200°C
(0.20 J/mm?) (0.10 J/mm?) (0.08J/mm?)
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Refinement of the correlation between through wall clad oxygen diffusion profiles
and post-quenching impact properties of as-received and pre-hydrided Zircaloy-4 (4/5)

. Ex.: Comparison betweeen calculated « local » impact energy
< .
= L from EPMA through wall clad oxygen profile
w 05 and fractograph of a PQ impact tested sample
c
'é’ 0.4 (Zirc-4 + [H] ~100 wt.ppm, one-sided oxidized at 1100°C for ~500s)
X 03
N Caculation done for each ponctual oxygen content &2
X o2l ulati c ctual oxygen c ! < .
s measured by EPMA (+ H contribution): ng(O) Pnor' BZI‘
0.1 11 4(0.4%- [%0 (prior-Beta) ]) . X (prior-Beta) /X0} . {A.exp(-B.[H-ppm] Beta)} | = A —
0,0 T T T T l / \
0 100 200 ) 400 500 600
0,50

0,45 ~
A2

0,40
0,35 1 L
0,30 1~ Brittle 1| Ductile + Brittle
0,25
0,20 B
0,15 f
010 1| "Brittle" threshold |~ 1% a1}
0,054 ——n_zleal o

0,00

Calculated Impact Energy
(J/mm?)

I—-—-—-—-—n—-—l':-—-—-—|
100 microns

0 100 200 300 400 500 600
Distance from (initial) outer clad surface (um)
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Y=X
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X
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o . ¢ oxidation at 1200°C
= e s 5
S 0,05 - */‘.. m oxidation at 1100°C ||
& o, ¥ oxydation at 1000°C
© 0,00

0O 005 01 015 02 025 03 035 04
Experimental PQ impact energy (J/mm?)

As-received
+ prehydrided low-tin

Zircaloy-4 one-sided
steam oxidized at 1000,
1100 and 1200°C
+ direct water quenching
down to RT

(>30 samples

PQ tested and analyzed)

Refinement of the correlation between through wall clad oxygen diffusion profiles
and post-quenching impact properties of as-received and pre-hydrided Zircaloy-4 (5/5)

Overall prior-B,, failure
mode from fractographic
examinations
(PQ impact tests carried
out at RT)

Fraction of samples for
which their failure mode
is correctly predicted
using the « refined
correlation »

100% DUCTILE

DUCTILE+BRITTLE 77%
100% BRITTLE 64%
Overall 81%

CONCLUSION: For Zr-based claddings that have experienced HT incursion in steam environment and quenching — typical of
hypothetical accidental transients such as LOCA - the proposed (refined) correlation between through wall clad oxygen

diffusion profiles and post-quenching impact properties (taking into account the additional effect of hydrogen) improves
the prediction of post-quenching nuclear fuel claddings failure mode and associated impact energy.

It enables to capture the Ductile-to-Brittle failure mode transition that may occurs inside the residual prior-$,, layer
(not possible with the previous correlation based on « averaged » oxygen (& hydrogen) prior-8,, contents...).
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PSI-KIT Nitriding Model for Zirconium based Fuel Cladding Alloys

The QUENCH-16 and -18 experiments performed at KIT in Karlsruhe, Germany, with air oxidation
under starvation of oxidant showed extensive formation of zirconium nitride followed by strongly
enhanced hydrogen production during the quenching process with water. Separate-effect tests
with air oxidation under oxygen starvation conditions also showed presence of zirconium nitride in
the post-test examination. The Sandia Fuel experiments showed strong nitrogen uptake during the
oxygen starvation stage of the experiments and nitrogen release during re-oxidation of the nitride
zirconium later on. Not all those behaviours could be calculated with severe accident codes,
because models for the nitrogen/nitride reactions were limited, e.g. ATHLET, or unavailable, e.g.
MELCOR and SCDAP. PSI, Switzerland, and KIT, Germany, launched a project for the development
of a computer model to describe the nitrogen as direct reaction partner in the oxidation of
zirconium based cladding materials. The project comprises two steps.

The first step was to conduct separate-effect tests in the frame of a PhD thesis to produce a
database for the kinetics of oxidation and nitriding reactions and for the oxidation of nitride. The
second step was to construct and assess a computer model for the reactions, incorporate the
kinetic parameters derived from the database, for inclusion in severe accident codes. The second
step is in progress at this time.

This presentation describes the different model phases and its implementation in the severe
accident code MELCOR. Beneath the standard oxidation correlations for metallic zirconium, the
production of oxygen stabilized alpha zirconium (a-Zr(0)) by diffusion of oxygen from the oxide
layer to the metal is included. The nitriding of a-Zr(O) and zirconium metal is included and the
oxidation of a-Zr(O) and ZrN as well. Instead of one oxidation process, the new model includes five
different chemical processes for the interaction of the atmosphere with zirconium based cladding
materials. Due to the slower nitriding process compared with oxidation, the new model is most
important when the temperature increases slowly, e.g. accidents where the nuclear heating is low
enough that the escalation is largely driven by the chemical reactions. Those types of scenarios are
most typical following an accident in spent fuel pools or wet storage pools, where the
environment will include any or all of steam, oxygen and nitrogen. An accident in a spent fuel pool
following total loss of coolant can lead to high temperatures and severe degradation of the fuel,
opening ready pathways for major releases of volatile fission products. Moreover, reactions
between oxygen and exposed overheated fuel can render some fission products in a more volatile
state. The Sandia fuel experiments showed that once all the coolant is lost, the highly energetic
zirconium-oxidation reaction and following sustained nitriding, can bring about such an escalation
within half a day.
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(= Motivation

Reactor Physics and Thermal-Hydraulics

QUENCH experiments with air oxidation under partial oxygen starvation
conditions showed high hydrogen production and nitrogen release during the
qguench phase.

» Spent fuel pool experiments at Sandia showed nitrogen release in the late phase
of the SFP experiments Phase | and Phase Il.

» Seperate effect tests under oxygen starvation and presence of nitrogen showed
ZrN presence in the post test examination.

* Non of the severe accident codes could calculate this behaviour.

* = Nitrogen has to be used as direct reaction partner in the zirconium oxidation
model
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Reactor Physics and Thermal-Hydraulics

New Materials:
e Oxygen stabilized alpha zirconium (a-Zr(O))
e Zirconium nitride (ZrN)

New Reactions:

« Diffusion of oxygen from ZrO, to Zr metal

» Nitriding of a-Zr(O) (fast nitriding), (no oxygen release)
» Nitriding of Zr metal (slow nitriding)

» Oxidation of a-Zr(O)

« Oxidation of ZrN (re-oxidation)
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(5 Model

Reactor Physics and Thermal-Hydraulics

Diffusion occurs when:

Zirconium oxide is in direct contact to zirconium metal

Diffusion is inhibited when:

Oxidation is running into break-away conditions (<1323K)
(Monoclinic oxide structure)

ZrN layer is produced between oxide and metal (>1323K)
(Tetragonal oxide structure)
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PAUL SCHERRER INSTITUT

(5 Model

Reactor Physics and Thermal-Hydraulics

Fast nitriding occurs when:

a-Zr(O) is in direct contact to nitrogen in the atmosphere
(break-away of oxide layer below 1323K)

Temperature of oxide layer is above 1323K (tetragonal structure)
1373 K, 1 h NT 1273 K, 15 h NT, no break-away

o~y
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PAUL SCHERRER INSTITUT

(5 Model

Reactor Physics and Thermal-Hydraulics

Slow nitriding occurs when:
a-Zr(O) is not longer available

Nitrogen can directly contact zirconium metal

Oxidation of ZrN occurs when:

ZrN is available

Oxidation of a-Zr(O) occurs when:
ZrN is not present

Zirconium metal is not available
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PAUL SCHERRER INSTITUT

(== Diffusion model HETE

The weight gain of the alpha layer is based on the alpha layer thickness growth

by Cathcart/Pawel — Prater/Courtright. It is not explicitly depending on the oxide layer
thickness.

WGg,..(Temp) = 278.8 *exp(-24227/Temp) Temp <2073 K Cathcart/Pawel
WGg,..(Temp) = 0.09422*exp(-10252/Temp) Temp >2173 K  Prater/Courtright

1000°C, 20 min PO, 3 and 6 h diffusion 1100°C, 10 min PO, 3 and 6 h diffusion
0.08 Frrrrrr T e T e T e 0.0% (——
@ Experiment | L @ Experiment
— MELCOR — MELCOR
0.06 — 0.06 [~
= ] z
E =
=
@ w
£ 004 g 0.04-
: :
= =2
= =
002 0.02}|
0

Time [h]

Time [h]
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Reactor Physics and Thermal-Hydraulics

The weight gain of the fast nitriding reaction is based on separate effect tests
performed at KIT.

It is only depending on the temperature (linear kinetic).

WGg,,.(Temp) = 213.88*exp(-22087.0/Temp)

The weight gain of the slow nitriding reaction is based on separate effect tests
performed at KIT.

It is only depending on the temperature (linear kinetic).

WGg,..(Temp) = 110.0*exp(-25000.0/Temp)
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=)= Oxidation I8

Reactor Physics and Thermal-Hydraulics

The weight gain of the oxidation of a-Zr(O) and the weight gain of zirconium metal

oxidation are identical in the MELCOR model.

The weight gain of the oxidation of zirconium nitride is used as four times the weight

gain of Cathcart/Pawel correlation.
In all three weight gain calculations the effective oxide thickness from the PSI

air oxidation and break-away model is used to reach linear reaction kinetics after

break-away of the oxide crust.
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Example

10 min PO, x h NT, 20 min RO at 1100°C

—— Experiments

—— Calculation

8 10 12 14 16
Time [h]

10 min PO, 15 h NT, 20 min RO at 1100°C

—— Metal
— Oxide
Alpha

— Nitride

Time [h]

Laboratory for

Reactor Physics and Thermal-Hydraulics

The upper graph shows the measured
weight gain data of separate effect
tests at 1100°C. After a pre-oxidation of
10 minutes different times for the
nitriding reaction were selected. One
experiment was conducted with 20
minutes of re-oxidation after 15 hours
of nitriding.

The lower graph shows the
development of the different layers of
metal, oxide, alpha and nitride.
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H= Summary

Reactor Physics and Thermal-Hydraulics

The implementation of the nitriding model in the MELCOR 1.8.6 (3084) code version
shows the ability of the model to recalculate the separate effect tests conducted at
KIT, Germany.

The model includes the production of a-Zr(O) and ZrN and its reactions with
nitrogen, steam and air (oxygen).

The diffusion of oxygen from the oxide layer to the zirconium metal can be
calculated in a credible way.

This model will complete the steam and air-oxidation model implemented in
MELCOR and will enable the code to calculate especially the spent fuel pool
transients, which until now cannot be done in a credible way.

The implementation in MELCOR will allow the code to recalculate experiments with

air under starvation conditions like some of the QUENCH experiments and the
experiments of the Sandia Fuel Project, Phase | and Phase Il.
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== Wir schatfen Wissen - heute fiir morgen

Reactor Physics and Thermal-Hydraulics

Thank you for your
attention !

Questions ?

Acknowledgement:

The project was financially
supported by the Swiss
Federal Nuclear Safety
Inspectorate ENSI under
contract CTR00321
(2017-2021).

Page 16



26" International QUENCH Workshop

A. Vasiliev

IBRAE

Development of New Model to Calculate High-Temperature Oxidation of ATF Chromium-
Coated Zr-Based Cladding

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

The Zr-based cladding with protective chromium coating representing more evolutional way in
nuclear energy progress is one of perspective advanced tolerant fuel (ATF) cladding candidates.

The analytical model of high-temperature oxidation of Zr/Cr cladding is developed based on
oxygen diffusion consideration in the cladding. The model necessarily takes into account the initial
oxidation of chromium layer with formation of chromium oxide, and, after the loss of its protective
properties, the model considers the zirconium oxidation in two- or three-layers configuration.

The several consecutive phases of Zr/Cr high-temperature cladding oxidation are described: a)
parabolic oxidation in a system Zr/Cr; b) transition phase; c) loss of chromium protective
properties with transition to Zr oxidation.

The comparison of calculated results for Zr/Cr cladding high temperature oxidation with available
experimental data is conducted. The reasonable agreement between calculated and experimental
data is observed.



Development of New Model to Calculate
High-Temperature Oxidation of ATF

Chromium-Coated Zr-Based Cladding

Alexander Vasiliev
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Is Zx/Cr the best choice for ATF-cladding?
Arguments for and against.

Very low high-temperature
oxidation Kkinetics of Cr

High corrosion resistance at low
temperatures

Evolutional way of NPP
development

= P

|:.. f'l i'lJ-.i-l-'l-.-ll-I-Il.l = 'l|.,III A

Relative fragility of Cr
Gradual degradation of
protective Cr,0; layer
during high-temperature
oxidation

Loss of protective properties
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Krejci J., Sevecek M., Cvrcek L. et.al.
Chromium and Chromium Nitride Coated
Cladding for Nuclear Reactor Fuel. Proc. of
QUENCH-23), Karlsruhe, Germany, October
17-19, 2017.

Short Review of Zr/Cr Oxidation

(b)

Cr oxide

Wang Y., Zhou W., Wen Q. et. al. Behavior of Plasma
Sprayed Cr Coatings and FeCrAl Coatings on Zr
Fuel Cladding under Loss-of-Coolant Accident
Conditions. Surface & Coatings Technology, 2018, V.
344, P. 141-148.



Cr-O Binary Phase Diagram

Kowalski M. and Spencer P.J. Thermodynamic Reevaluation of the Cr-O, Fe-O
and Ni-O Systems: Remodelling of the Liquid, BCC and FCC Phases. Calphad,

1995, V. 19, N 3, pp. 229-243.

Oxygen Solubility in Chromium
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Interface Oxygen Concentrations
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Consecutive Phases in the Course
of Oxidation

I - Oxidation in a System Cr,0;/Cr
II — Transition phase
II1 — Enhancement of oxygen diffusion & formation of oo — Zr(0) layer

IV — Loss of chromium protective properties & oxidation of zirconium

J.-Ch. Brachet, E. Rouesne, J. Ribis, T. Guilbert, S. Urvoy, G. Nony, C. Toffolon-
Masclet, M. Le Saux, N. Chaabane, H. Palancher, A. David, J. Bischoff, J. Augereau,
E. Pouillier, “High Temperature Steam Oxidation of Chromium-Coated Zirconium-
Based Alloys: Kinetics and Process”, Corrosion Science, 167, 2020, 108537, 15 pp.
Online version: https://doi.org/10.1016/j.corsci.2020.108537.
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Oxygen concentration profile during
phase 1

Prior B-Zr

H,0+N,+0,

—

Scr203(t)

T=1473K Dy (103 =3.76-102m?%/s D, = 7.14-10-13 m?/s Dd=6.06d-3*dexp(-31228.D0/T)
D, 7.0 = 8.50-10-1° m¥/s Da=1.15d-3*dexp(-31228.D0/T)

Cy0 = 1645 kg/m* ¢4, =1633 kg/m* ¢4~ 100500 kg/m?



Parabolic Constant of Oxidation

r= (pCr203/pCr) ' (Z”Cr/ﬂcmog)“("s

Bedworth-Pilling ratio

661’203 = kpt = Kdﬁ

4Cmd " Cmd D4 ZCm/d
K; _ [\/ z T 8D, (€ajm — €msa" 1) [€a70 — ca/m| - N

\/4‘Dd 4 &

D, (ca/m — €mya- 1)

31228
kp — 4.83 - 10_5 e T m?/s in accordance with work

J.-Ch. Brachet, E. Rouesne, J. Ribis, T. Guilbert, S. Urvoy, G. Nony, C. Toffolon-
Masclet, M. Le Saux, N. Chaabane, H. Palancher, A. David, J. Bischoff, J. Augereau,
E. Pouillier, “High Temperature Steam Oxidation of Chromium-Coated Zirconium-
Based Alloys: Kinetics and Process”, Corrosion Science, 167, 2020, 108537, 15 pp.
Online version: https://doi.org/10.1016/j.corsci.2020.108537.
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Diffusion flux to Zr




Kirchottf Transform of Oxygen
Concentration on Diffusion Coefficient

GER D(ER) GER
8t r 8r

Using of Kirchoff transform makes solution of diffusion equation much easier !



Direct & Inverse Kirchoff Transforms

Direct Transform

9H(c) = c, C < Cmyd

Cm/d < € = Cq/m

Dy
9 (c) = Cm/d + (C - Cd/m) D_: Cd/m < C = Cd/o

m

Inverse Transform
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Oxygen concentration profile during
phase 11

Prior B-Zr

Crackin
oxide layer

—

H,0+N,+0;

Crackin
oxide layer

Formation of cracks in Cr oxide! It results in enhancement of oxygen
diffusion in Cr,0; !



Influence of Oxygen Diffusion
Coefficient Enhancement K
on Oxygen Concentration Profile
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Growth of oxygen concentration in Zr metal — formation of a-Zr(O) phase !



Oxygen Concentration Profile during
Phase 111

Prior B-Zr

Crack in
oxide layer
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Crack in
oxide layver
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Formation of ZrQO2 precipitates (grains) in metal Cr !
It results in enhancement of oxygen diffusion !









Oxygen concentration profile during
phase IV
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Oxide layer of Cr,0O; Should Be
Dissappeared Like Zr Oxide in Case of
Oxygen Starvation

Starvation points
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Comparison with Experiment (1)

Experiment

-
o

Analytics

Chrome oxide thickness, m

m 1130°C
e 1230°C
A 1310°C

—— =1130C |
s T=1230C |
—— T=1310C/

E
=
Q

]

O
w

b}
h=

>
@)
Y

o

7]

(7]

Q

=
>
8

L
=

10 20 30 40 50 60 70 80 90 100
Time (min)

Time, min

Experiment

Hwasung Yeom, Benjamin Maier, Greg Johnson, Tyler Dabney, Mia Lenling,

Kumar Sridharan. High temperature oxidation and microstructural evolution of cold
spray chromium coatings on Zircaloy-4 in steam environments. Journal of Nuclear

Materials, V. 526, 2019, 151737. 10 pp.



Comparison with Experiment (2).
Cr thickness is 10 um

Calculation dynamics of
Experimental dynamics of cladding weight

cladding weight gain ;
gain
— ‘ J.-H. Park, H.-G. Kim, J.-Y. Park, Y.-1. Jung,
} zTry_.i/‘c':Ziﬁated cladding D.-J. Park, Y.-H. Koo, High Temperature

—— - ZnCrooateddladdng Steam-Oxidation Behavior of Arc Ion Plated

Cr Coatings for Accident Tolerant Fuel
Claddings”, Surface & Coatings Technology,
280, 2015, pp. 256-259.
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Constant of parabolicsK, kg/(m?s'?)
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Conclusions (1)
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Conclusions (2)

S )

T

On the whole, the application of ATF zirconium-based
cladding with chromium coating in reactor claddings looks
reasonable because of saving time and the possibility of
exclusion of accident escalation in the course of severe
accident mitigation strategy.

Thus, the most gain from use of Zr/Cr claddings is
expected for scenarios with temperature range about ;;;;%{ b
700°C-1300°C that is design-basis accident and respectlvely ' 55’ )
low hydrogen generation rate is expected. The difference in
such parameters as chemical heat generation, hydrogen
generation rate and cumulative hydrogen production may
reach up to one order of magnitude in favour of chromium-
coated claddings compared to standard Zr-based claddings.




26" International QUENCH Workshop

N. Elsalamouny, T. Kaliatka

Lei

Implementation of LEI experience on modeling and uncertainty quantification of
QUENCH tests for the development of QUENCH-20 numerical model

The Lithuanian Energy Institute (LEl) has experience in analyzing QUENCH tests (QUENCH-03, 06,
18), as it has performed the numerical analysis using severe accident codes ASTEC and
RELAP/SCDAPSIM. For QUENCH-03 and 06 tests the uncertainty and sensitivity analysis were
performed using uncertainty tools SUNSET and SUSA. LEI has publicized scientific articles for the
modeling and uncertainty quantification of QUENCH tests and currently, is taking part in the
QUENCH group of IAEA CRP 1318. In this CRP uncertainty quantification for the QUENCH-06 test
were provided by using RELAP/SCDAPSIM and SUSA tool.

LEl have interest to model QUENCH-20 experiment which corresponds to BWR type bundle.
Comparing the boundary conditions of QUENCH 6 and 20 it was found many similarities. The main
difference is the bundle structure. LEl experience in modelling of QUENCH facility and uncertainty
guantification of the calculation results could be used for the developing QUENCH - 20 numerical
model.

This presentation will observe the LEI provided modeling and results of uncertainty and sensitivity
analysis of QUENCH experiments. Evaluating differences of QUENCH-06 and 20, will be discussed
how to use gained experience in the development of the QUENCH — 20 numerical model.
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Implementation of LEI experience on modeling and
uncertainty quantification of QUENCH tests for the
development of QUENCH-20 numerical model

Noura Elsalamouny, Tadas Kaliatka
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Content

* Lithuanian Energy Institute experience in modeling
QUENCH tests

* Uncertainty Quantification for QUENCH-03 and
QUENCH-06

* Participation in IAEA CRP 131033

* Development of QUENCH-20 numerical model
using the previous experience



EH LEI experience in modeling QUENCH experiments

* Hollands, T, Bals, C. Tiborcz, L. Beuzet, E. Vasiliev, A. Kaliatka, T. Birchley, J. Steinbriick, M. Pre-and Post-Test Simulation of the
QUENCH-18 Bundle Experiment in the frame of the NUGENIA QUESA Project,2019.

» Kaliatka A., Kaliatka T., Vileiniskis V., USpuras E. Best estimate approach for the simulation of reactor core overheating and quenching
experiments // Best Estimate Plus Uncertainty International Conference. Multi-Physics Multi-Scale Simulations with Uncertainty (BEPU
2018) May 13-18, 2018, Lucca, Italija. 12 p.

« Kaliatka T., USpuras E., Allison CH. M. Modeling of quench 10 experiment on air ingress using relap/scdapsim mod 3.5 // Proceedings of
the 2017 25th International Conference on Nuclear Engineering ICONE25 July 2-6, 2017, Shanghai, China. p. 1-7

» Kaliatka T. Implementation of QUENCH-10 experiment modelling experience for the modelling of severe accidents in spent fuel pools //
Proceedings 23rd International QUENCH Workshop Karlsruhe Institute of Technology, Germany (doi:10.5445/IR/1000076201) October
17-19, 2017. p. 366-395

« Vileiniskis V., Kaliatka T., Kaliatka A., Uspuras E., Sutas A. Uncertainty and sensitivity analysis of QUENCH experiments using ASTEC
and RELAP/SCDAPSIM Codes // The 10th International Topical Meeting on Nuclear Thermal-Hydraulics, Operation and Safety
(NUTHOS-10) NUTHOS10-1206 Okinawa, Japan, December 14-18, 2014 p. 1-15

» Kaliatka T., Kaliatka A., Vileiniskis V. Best estimate approach for QUENCH-03 and QUENCH-06 Experiments // 20th International
QUENCH Workshop Karlsruhe Institute of Technology, Campus North, November 11-13, 2014 p. 20

« Kaliatka T., Kaliatka A., VileiniSkis V., USpuras E. Modelling of QUENCH-03 and QUENCH-06 Experiments Using RELAP/SCDAPSIM
and ASTEC Codes // Science and Technology of Nuclear Installations. dx.doi.org/10.1155/2014/849480 ISSN 1687-6075. 2014. Vol.
2014, Article 1D 849480, p. 1-13.

» Kaliatka T., USpuras E., Kaliatka A. Modelling of QUENCH 03 and QUENCH 06 experiments using RELAP/SCDAPSIM code //
Proceedings of the 2013 21th international conference on nuclear engineering (ICONE 21), Chengdu,China, July 29 - August 2, 2013.
USA : ASME, 2013, p. 1-8.

» Kaliatka T. Modelling of quench experiment using RELAP/SCDAPSIM code // 9th annual conference of young scientists on energy issues
CYSENI 2012: international conference, Kaunas, Lithuania, 24-25 May, 2012. Kaunas: LEI, 2012. ISSN 1822-7554, p. 668-677.




Eﬂ Uncertainty and Sensitivity analysis for QUENCH-03
and QUENCH-06

B) , _

* 12 uncertain parameters were investigated. n.; {-{ WSUNSETmaxvalue  BISUSA transient - %

* The results of uncertainty and sensitivity + ., | _ U%
analysis provided using severe accident £ o2 11 8
codes (ASTEC & RELAP/SCDAPSIM) and £ ° 1 ]'-' I“' ‘I"J"' 2
uncertainty tools (SUNSET & SUSA). Y l l 2

* Results of uncertainty analysis were in good o ¢
agreement with experimental data. '

« Results of sensitivity analysis indicated that 0 ] Z
significant influence on calculation results o M SUNSET ISUSAE §
are: g 02 3

e The bundle cooling boundary conditions; ;% o - ’ f ™ 0(82
* Thermal power (electrical resistance) of 7% F F §
the electrical heaters; _Df >

* Thermal properties of the shroud.

1 2 3 4 5 6 7 8 9 10 11 12

Parameters
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IAEA-CRP 131033

* In 2019 LEI took apart at IAEA-CRP 131033.

 LEI 1s a participant 1n the group working on uncertainty
quantification of QUENCH-06 test.

* Group members agreed on the FOMs and the uncertain
parameters to be analyzed.

* In this CRP LEI using RELAP/SCDAPSIM severe accident
code and SUSA statistical tool.



Total hydrogen generation,

LE|

In total 19 wuncertain parameters (initial
parameters (bundle geometry, cladding and

shroud thermal properties), boundary conditions
(electrical power, bundle cooling and quenching)
and SCDAP modeling parameters) were used for
the uncertainty quantification of QUENCH-06
test.
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Eﬂ Sensitivity analysis
* For the biggest part of the

uncertain parameters their
influence could be neglected
(<+0.2).

* The parameters 1nfluence vary
during test time. Decided to look
at different phases.

* The most influenced parameters
are cladding thickness, power,
steam mass flow rate. Quench
water 1njection influence appears
only in the quench phase.

Influence
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1E] Modeling of QUENCH-10 & QUENCH-18

The specific for QUENCH-10 and QUENCH-18 was the Air injection.
* QUENCH-10: steam termination - air injection during bundle cooling
* QUENCH-18: a mixture of steam and air injection together during

bundle cooling.
* For both experiments the formation of Zirconium nitride was an 1ssue

to be modeled.

* Parametric sensitivity analysis was done by using different oxidation
models for steam and air ambient.



EH Summary of gained experience and 1ts possible usage

The previous analysis of QUENCH tests will enable us to have a better understanding of
the computer code specifics and limitations.
Uncertain parameters could be divided into different groups according their ‘“nature”
(initial parameters, boundary conditions, thermal properties of the shroud, modeling
parameters, etc.) and their influence on calculation results at the specific test phases.
Depending on the analyzed phase some group of parameters could have higher or lower
influence on calculation results.
Investigation of the QUENCH test 1s better provided by different phases, looking at the
specific group of uncertain parameters.
Influence on calculation results showed:

* Parameters related to the bundle power and cooling;

* Thermal properties of shroud;

 The Zr oxidation models in steam/air ambient;

* Smaller influence were given by SCDAP modeling parameters.
Experience gained from previous analyses could be used for model development and
calibration.
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Development of QUENCH-20
numerical model using the

previous experience
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‘ Eﬂ Power and steam flow rate

Steam flow rate (g/s) 3gls 3 g/s
Argon flow rate (g/s) 3gls 3gls
Water injection (g/s) 40 g/s 50 g/s
Peak Power kW 18,2 kW 18,2 kW
Main phases (pre-oxidation, transient, Quenching) (pre-oxidation, transient, Quenching)
i ap als water I i_ 50 g/Sh
§ 3 g/s argon 3 g/s argon
3alsA 3 g/s steam
- T | v |
! _ 2290 —_— 12400 15890 17660
Time




E Test bundle e e

Comer rods:
centerline
TC (TIT)

Emergency
‘[ cooling

J ¥ _ H,0 cooling of
i off-gas plpe X

QUENCH-06

Central rod: TCs at center (TCRC),
cladding inner (TCRI) and
Zt0, Insulation outer surface (TCR)
Test bundle

Shroud Cooling Jacket (Inconel) v
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E Axial profile of temperature

QUENCH-06 QUENCH-20
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Reactions of B,C with steam (QUENCH-20)
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Shroud failure
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Eﬂ QUENCH-06 & QUENCH-20 Hydrogen generation

QUENCH-06 QUENCH-20
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EH Conclusion

 The gained experience and knowledge form previous

Removal of argon,

analysis could be used for new model development and | wuer steam, and hydrogen
calibration. A || shropa [ 2
. . . Argon |
* The nodalization scheme of RELAP part from the previous | centra

Shroud | |---

analysis could be used the same for QUENCH-20 test. outer | ]

cooling 018

 The bundle nodalization (SCDAP part) should be [
developed new in order to correctly respond physical | | T =
phenomena during the test. T

* The geometrical arrangement of the bundle test section of | | | [

| rod

| Inner
rods

1 Outer
1 rods

_| Corner

| rods

QUENCH-20 (BWR type) 1s very challenging: | | | [

o Severe accident codes uses modeling approach based R
on concentric rings in order to simulate fuel. |

o Challenge in modeling control blades and B4C 016 | [01]| o [
reactions with steam. /Jm 3/ \0

001 05

o Possible large uncertainties in calculation results. Seam  Amgon Wt




Eﬂ RELAP/SCDAPSIM Modelling of BWR and B4C

RELAP/SCDAPSIM has the capability to model the absorber blades, channel box materials, B4C reaction
and relocations.

RELAP/SDCAPSIM mode 3.5 gave more realistic results in modeling the absorber blades relocations
compared with experimental data than mode 3.4

The relocation of control blade/channel box materials has a large deviation among code versions and has still
large uncertainties.

 Madokoro, H. Sato.l, Estimation of the core degradation and relocation at the Fukushima Daiichi Nuclear Power Station Unit 2
based on RELAP/SCDAPSIM analysis, Nuclear Engineering and Design, 2020.

* Madokoro, H. Okamoto, K. Allison, C. Siefken, L. Hohorst, J. Hagen, S, Assessment of RELAP/SCDAPSIM/MOD3.5 against the
BWR core degradation experiment CORA-17, Conference: The 10th International Topical Meeting on Nuclear Thermal-
Hydraulics, Operation, and Safety (NUTHOS-10)At Okinawa, Japan 2014.

* Allison, C. Hohorst, J. Allison, B. Konjarek, D, Bajs. T, Preliminary Assessment of the Possible BWR Core/Vessel Damage States
for Fulkushima Daiichi Station Blackout Scenarios Using RELAP/SCDAPSIM, Hindawi Publishing Corporation Science and
Technology of Nuclear Installations, 2012.

Currently, LEI have a license and using RELAP/SCDAPSIM version which is close to mod 3.4

ISS and LEI/KTU also were signed an agreement regarding RELAP/SCDAPSIM mod 3.6 (for Ph.D. student use
only), however now the license 1s expired, and it 1s needed to ask for an extension.

Our plan 1s to use different versions of RELAP/SCDAPSIM for the QUENCH-20 analysis and to make
comparisons and see possible improvements.
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Nodilzation scheme of QUENCH developed for
RELAP/SCDAP SA code
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International Development and Assessment of a MATPRO-based Accident Tolerant Fuel
Material Property Models and Correlation Library

As part of an on-going international IAEA cooperative research project on accident tolerant fuel
(ATF) designs, the authors are leading an international team of university faculty members and
graduate students, and other researchers to develop a publicly available material property library
for accident tolerant fuel materials and designs. It will include the critical review and summary of
relevant models and correlations described in the open literature, development of recommended
modeling approaches and correlations for inclusion in fuel behavior models and codes, and
assessment of the recommended approaches using publicly available integral and separate effects
experiments. The recommended models and correlations will also implemented as an option for
the MATPRO-based program library used in in a variety of steady state/transient fuel behavior
codes including FUELSIM/SCDAPSIM (developed by Innovative Systems Software) and
FRAPCON/FRAPTRAN (developed by the US NRC).

The material property library will, over time, expand to cover the wide range of materials and
associated properties proposed for ATF designs for normal, design basis, and beyond design basis
accident conditions for LWR and HPWR designs. The initial priorities for the project will be the
definition of the properties for cladding materials including Fe and Zr alloys, coated Zr alloys, and
SiC. The recommended models and correlations for these materials, as implemented in SCDAPSIM
material property library, will be assessed using publicly available data from integral experiments
such as the Quench-19 bundle experiment performed by the Karlsruhe Institute of Technology.
Additional assessment will be performed over the coming 2-3 years using published data from
separate effects and other integral experiments being performed as part of earlier and ongoing
IAEA cooperative projects related to ATF. The assessment will also include the assessment of the
impact of ATF materials on representative LWR/HPWR plant designs and transient conditions using
such RELAP/SCDAPSIM and ASYST (an integral code used by the participants that includes
SCDAPSIM).
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Introduction

* RELAP/SCDAPSIM is a detailed RCS system analysis code with
special options developed for user community

* RELAP/SCDAPSIM/ MOD3 and MOD4 used by general user
community for production safety analysis

* MOD3 recommended production version for combined
coupled BE TH/fuel/severe accident analysis for
LWR/HPWRs

* MOD4.0 recommended production version for advanced
BEPU TH and advanced fluid systems analysis

26t International Quench Workshop, December 6-9, 2021



Introduction

* RELAP/SCDAPSIM/MODA4 has the most advanced fluids modeling
options for BEPU (Best estimate plus uncertainty)

* Used for advanced model development and applications

* Completely rewritten to FORTRAN 90/95/2000 standards for
easier model/code development and maintainability

* Includes advanced system thermal hydraulics models and user
options
* Integrated uncertainty analysis
 Alternative fluids and correlations including Pb-Bi, Na, molten salts..
* Advanced water property models and correlations
* Links to 3D reactor kinetics
* Advanced graphical user interfaces

26t International Quench Workshop, December 6-9, 2021



Motivation

* IAEA CRP: Development and validation of ATF models and
correlations

e Material Property Summary Document
* Associated Material Library

* Material property library developed for SCDAP/RELAPS for
LWR materials under DBA and BDBA no longer maintained
by US NRC

ISS proposed “open source” material property library would
be an extension of the widely used SCDAP/RELAP5 MATPRO
library

26t International Quench Workshop, December 6-9, 2021



Current Collaborative Effort

Current IAEA-CRP collaborators:

1. Nihon Onder - Chalk River National Laboratory
 Support literature review and proposed models and correlations,

* provide selected “open” material properties data and correlations for
assessment

2. Alfredo Abe - IPEN - Brazil, Alejandro Soba - CNEA — Argentina

 Support literature review and collection, perform model/correlation
assessment

3. Bozena Sartowska - INCT - Poland
* Support literature review and collection

26t International Quench Workshop, December 6-9, 2021



Current Collaborative Effort

ISS and collaborative (non-CRP) team members backgrounds and proposed
activities:

* Literature review, model development and assessment

* Preparation of reference RELAP/SCDAPSIM and ASYST integral

* Experiment and reference plant input models for DBA/BDBA Conditions

1. Rawan Mustafa (Materials/Quench integral experiment analysis) - Jordan
Atomic Energy Commission

2. University of Alexandria —Sarah Khalil (materials) and Ayah Abou El- Naga
(PWR TH analysis — DBA/BDBA), (4) PhD/MS students

* Support literature review, review proposed models and correlations, perform
small scale material properties experiments, analyze potential impact on
plant behavior during DBA/BDBA conditions using RELAP/SCDAPSIM and
ASYST

3. University of Mexico —Carlos Chavez (BWR TH analysis — DBA/BDBA)

26t International Quench Workshop, December 6-9, 2021



Current Collaborative Effort

ISS and collaborative (non-CRP) team members backgrounds and proposed
activities:

4. University Polytechnic Bucharest —Roxanna Mihaela Nistor-Vlad (CANDU
TH analysis — DBA/BDBA)

5. University Polytechnic Catalunya/ENSO — Raimon Pericas (LWR TH and
fuel behavior analysis (DBA/BDBA)

26t International Quench Workshop, December 6-9, 2021



“Open source” material property library
extension to MATPRO

Materials include uranium,
uranium dioxide, mixed uranium-
plutonium, dioxide fuel, zircaloy

cladding, zirconium dioxide,

* Publicly available, peer-reviewed
ATF correlations added to cover

stainless steel, stainless steel oxide, thermal and mechanical
s||vgr-|nd|um—cadm!um alloy, properties, chemical interactions,
cadmium, boron carbide, Inconel phase diagrams.

718, zirconium-uranium-oxygen
melts, fill gas mixtures, carbon
steel, tungsten, tantalum.

26t International Quench Workshop, December 6-9, 2021



Status of ATF M&C Collaborative
Development

* Literature review is underway for peer-reviewed, publicly available
papers and documents

* ATF material property models and correlations would be documented
in a form comparable to that used in the MATPRO NUREG (Assessed
BEPU) ( and preferably published a publicly available IAEA document
after standard IAEA peer review

* ATF models and correlations would be initially incorporated into ISS
maintained MATPRO library for distribution to interested CRP
participants

* Original SCDAP/RELAP5 MATPRO library updated by ISS for
RELAP/SCDAPSIM and ASYST for latest FORTRAN standards

26t International Quench Workshop, December 6-9, 2021



Current work status at AU

1. Research:

* Neutronics and Thermal Hydraulic analysis of
Fully Ceramic Microencapsulated (FCM) fuel
with enhanced accident tolerance features in
small integral pressurized water reactor with
330 MWth power (SMART reactor)

2. Materials Models and Correlations:
* Mechanical Failure of FeCrAl Cladding in ATF

* Oxidation of FeCrAl cladding during operation
and on the onset of melting

26t International Quench Workshop, December 6-9, 2021



Research

e Objective:

Investigating the use of UC with FeCrAl (as an ATF) to replace
zirconium-UQO, in SMR at normal operation conditions, by performing
neutronic/thermal-hydraulic analysis for

* Methodology:

- Use of MCNPX 2.7.0 to obtain reactor physics parameters for FCM
with FeCrAl cladding

- Calculating thermal-hydraulic parameters such as pressure drop in
the core, surface heat flux, fuel centerline and coolant temperatures
using RELAP code.

26t International Quench Workshop, December 6-9, 2021



Research

Step 1 validation R
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Research

Matrix SiC Density =3.18g/cm?

Neutronics Calculations

Multiple cases are tested to determine -
the Optimum fuel deSign from the |BufferThickneSS=50um I
reactivity point of view R

‘ SiC PV Thickness = 35 um l

‘ OPyC density/thickness = 1.9 g/cm3/20 un/

I Matrix SiC Density =3.18g/cm? |

Geometrical parameters:

Fuel rod length = 200cm

Core diameter (m) = 1.8316

Fuel rod assemblies =57

/ Rods per Assembly =264

Cladding material FeCrAl

Fuel rod outer diameter=9.5 cm

Lattice pitch = 1.26cm

Fuel assembly matrix 17 X 17

’ Fuel kernel diameter=800um I

cases 910,11
Kernel diameter (um) 870 880 890 900 900 920

16,17,18,19

12,13,14,15

Packing fraction 50,55 |50,55,57 50,55,57 50,55,57 50,55,57,60 50,55,57,60
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Research

Preliminary results

1260 ‘ ‘ ‘ ‘ | |

EFPDs versus the kernel diameter for several cases UC-2r80-4
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Oxidation Correlations
Gross Weight Gain

45
GWG = aebx N A Kanthal co - 21.64% ‘!.‘
35 Dayu Fajrul Falaakh - 2020-21.64% ‘.
° 0203456 % 3 ¢ B.A.Pint- 2013 - 21.64% .
b 1.017619 ? o Fitted R
s 25
R2 | 0.9925 8 2
SD | 24413 £ 2 [
RMSE | 0.1203 2 . o S
RE | -0.211 : 1200 °C
AE | 16.568 R
o2 ¢ ¢ e sobite cau
0
0.1 1 10 100 1000
Time, hrs
GWG =a+bt+ct?2+dt3+e/t
a 1.267709 R2 0.9963
b -0.000386 SD | 21.372
c 0.000003 RMSE | 0.0842
d -1.94E-09 RE -3.175
e -24.222905 AE 13.859
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Oxidation Correlations
Gross Weight Gain
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Oxidation Correlations
Gross Weight Gain

* Data Sensitivity

Correlation COEFF. of GWG
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Concluding remarks

* Development and assessment of comprehensive material
property library is a long term project extending beyond
CRP

* Implementation and assessment of ATF M/C for ISS and non- CRP
collaborators will initially focus on Quench and other publicly
available integral experiments

e Assessment of library accuracy and uncertainties and
potential impact on DBA and BDBA behavior depends on
continued emphasis on integral and separate effects
experiments

26t International Quench Workshop, December 6-9, 2021
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International Development and Assessment of a MATPRO-based Accident Tolerant Fuel
Material Property Models and Correlation Library

A range of Accident Tolerant Fuels (ATFs) are currently under study and testing worldwide to
realize an alternative to Zirconium based claddings. This research is motivated by the potential for
significant safety and performance improvements during normal operations, operational
transients, and also accident events in Light Water Reactors. Such new materials are characterized
by a much slower oxidation kinetics at high temperatures than the typical Zr-based alloy leading to
lower in-vessel hydrogen build-up and energy generation as well as suppressing hydrogen
explosions and Fission Product release. This results in extended times available to mitigate
progression to a severe accident. This enhances the potential to activate or utilize accident
management measures.

To enable safety assessment of nuclear systems employing ATFs, it is essential that code
capabilities to model these novel fuel system material concepts be improved, with particular
attention to the implementation and validation of representative oxidation kinetics models.
Having this in mind, the current paper mainly aims at describing the status of the capabilities of
the AC2/ATHLET-CD, ASTEC, and MELCOR severe accident codes to model the performance of
materials in ATF systems under harsh accident conditions. The outcomes of preliminary studies on
code validation of the QUENCH-19 (FeCrAl) experiment will also be shown and discussed. The
results show that the code are able to reproduce with an acceptable level of confidence the
experimental temperatures during the transient. Furthermore, hydrogen generation predictions
may significantly vary due to the sensitivity of oxidation characteristics to FeCrAl composition.
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Motivation .&‘(IT

Karlsruhe Institute of Technology

» ATFs have the potential for significant safety and performance improvements during
normal/transient operations and severe accidents in Light Water Reactors.

» Much slower oxidation kinetics at high temperatures than the typical Zr-based alloy

— lower in-vessel H, build-up, lower energy generation, suppression of the H,
explosions potential, Fission Product release reduction.

— Enhancing the potential to activate/utilize accident management measures.

» Improvement of the severe accident codes capability to model ATFs is mandatory to
enable the safety assessment of the innovative nuclear reactor concepts employing
such materials.

» Extension of the modelling capabilities of AC2/ATHLET-CD, ASTEC, and MELCOR
IS going on in the frame of the NEA QUENCH-ATF and IAEA CRP ATF-TS.

> In this phase, focus on FeCrAl and QUENCH-19 test.

2 26th International QUENCH Workshop virtual event, 2021, December 6-10 F. Gabrielli



Modeling New Materials in the SA Codes '-\\J(IT
» User usually employs the data stored in the available material database, i.e. for
ZrylZrO,
» Thermo-physical properties.
» Oxidation models, i.e. Cathcart, Prater-Courtright, Urbanic, Best-fit,..

» The codes are flexible enough to introduce new materials either by adjusting the
properties of a default material or to fully define behavior and properties by scratch.

» Current approach:
» FeCrAl as a new material.
» FeCrAl to be oxidizable.

» FeCrAl/Oxide as the FeCrAl recipient oxide, whose properties defined based
on the literature and on the feedback from the Quench experimental team.

3 26th International QUENCH Workshop virtual event, 2021, December 6-10 F. Gabrielli



MELCOR: Material Package (MP) Templating '-\X‘(IT

» Material definition no longer requires a user to perform the
two most common modification to materials.

» Since core components only support certain material internally, users
had to modify an existing material to alter properties, losing that
material.

» Create a wholly new material, which could only be used within the
certain MELCOR packages such as the HS materials.
» It allows materials to assume a default material’s behaviors
and properties.

» Four core package user defined materials (UDMs) now
available within the database for every core component —
enhancement of the user flexibility.

MP_ID FeCrAl COR-USER-METAL UFCA
MP_BHVR ITSELF METAL OXIDATION-MODEL EJ-ZIRCALOY

MP_PRC 7100.0 1773.0 270000. .05223883683
MP_BETMU 3.1e-5 3313. 1.076e-3

MP_COREMIS linear - 0.0001 0.9999 0.042003702 0.0003474
MP_PRTF 4

1 ENH FCA-IntEn

2 CPS FCA-SpHeat

3 THC FCA-Conduct TF
4 RHO FCA-Density

MP_ID FeCrAl-Oxide COR-USER-OXIDE UFCAQ
MP_BHVR ITSELF
MP_PRC 5180.0 1901.0 687463.0 0.08356138524

MP_COREMIS linear - 0.0 1.0 0.7 0.0
MP_BETMU 3.1e-5 3313. 1.076e-3
MP_PRTF 4

1 ENH FCAO-IntEn

2 CPS FCAQ-SpHeat

3 THC FCAO-Conduct TF
4 RHO FCAO-Density

J. Phillips, D. Luxat, 2020. MELCOR Modeling of QUENCH-15/19, Experts’ Meeting for the NEA joint undertaking QUENCH-ATF, OECD/NEA, Paris.

J. Phillips, 2020. Update on ATF Modeling: QUENCH-15/19, CSARP/MCAP Workshop.

4 26th International QUENCH Workshop virtual event, 2021, December 6-10
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ASTEC: Material Modeling ﬂ(“.

» User may define a new material in the input deck

STRU MDB
STRU SET NAME 'Ar cond'
REF "Properties of fictive material"
TYPE '"MATERIAL'
T sol 5000. T lig 5001. M 1. ! always solid
STRU PROPERTY NAME "rho_s(T)" LAW 'TABLE' VARIABLE 'T' SR1 VALUE 300. 2.0 2000.0 2.0 TERM END
STRU PROPERTY NAME "lambda_S(T)" LAW 'TABLE' VARIABLE 'T'

SR1 VALUE 300. 0.2 800. 3.5 1060. 5. 1100 5. 1500. 10.0 2000. 20.0 TERM END
STRU PROPERTY NAME "h s(T)" LAW 'TABLE' VARIABLE 'T'

SR1 VALUE 300. 96l. 900. 3.1D5 1500. 6.2D5 2000. 8.8D5 3000. 14.D5 4000. 19.D5 TERM END
STRU PROPERTY NAME "em_s(T)" LAW 'TABLE' VARIABLE 'T' SR1 VALUE 300. 0.7 4000. 0.7 TERM END
END
END
» or modifying the database
HELP "m O (t+dt) = s ((m O (t)/S)** (1/model) + AGAIN EXP (-BGAIN/(R.T)) * dt )**model"
HELP "e O02zr (t+dt) = ((e_027Zr(t)) ** (1/model) + ATHIC EXP (-BTHIC/(R.T)) * dt )**model™

STRUCTURE MODEL NAME 'BEST-FIT' LAW 'COEFF' VARIABLE 'T' VUNIT 'K' RUNLOW O. RUNUPP 5000.
SRG VALUE AGAIN 36.220D0 BGAIN 1.672D5 ATHIC 2.252D-6 BTHIC 1.502D5 MODEL 0.5 TERM

X 1798.K

SRG VALUE AGAIN 2.888D8 BGAIN 4.046D5 ATHIC 3.371D6 BTHIC 5.691D5 MODEL 0.5 TERM

X 1900.K

SRG VALUE AGAIN 2849.D0 BGAIN 2.23D5 ATHIC 0.008682D0 BTHIC 2.572D5 MODEL 0.5 TERM
END

5 26th International QUENCH Workshop virtual event, 2021, December 6-10 F. Gabrielli



AC?/ATHLET-CD: FeCrAl Oxidation Model -\\J(IT

» Assumption: Al oxidized only
Fe,Cr/Al+ z/2:3 H20 — Fe,Cr Al,,0;, + 2/2-3 H,+ z-Ah (Ah= 9.3 -10° J/mol)
» FeCrAl molar mass Mg 4= 99.3 -10-3 kg/mol (Ah=9.36 -10° J/KQrecra)

» Oxidation Rate — Parabolic law derived from the analytical solution of the diffusion
equation (as for Zr)

dW?2=K(T)-dt (W: my,/A [kg/m?], K: reaction rate [kg?/m4g], t: time [s])
» Reaction rate from the Arrhenius formulation
K=A -e’®RTg(p,)
R=8.134 J/mol K, T: cladding Temperature [K], g(p,): reduction factor for steam starvation
A= 3.1 kg?/m4s, B= 2.78519 -10° J/mol (from KIT for one composition)

T. Hollands, 2020. Post-test analytical benchmarks—GRS simulation capabilities —, Experts’ Meeting for the NEA joint undertaking QUENCH-ATF, OECD/NEA, Paris.

6 26th International QUENCH Workshop virtual event, 2021, December 6-10 F. Gabrielli



>

AC2/ATHLET-CD: FeCrAl Oxidation Model

FeCrAl/Al, O instead of Zry/ZrO, properties.
> No temperature dependency considered

Model 25 is based on a publication by Pint, et al.,
for KANTHAL APMT (69Fe+21.6Cr+4.9Al) and
provided by KIT.

Model 25 multiplied by 300 is derived from the
"State-of-the-Art Report on Light Water Reactor
Accident-Tolerant Fuels” of the OECD/NEA (NEA
No. 7317).

The new code version includes the possibility to
implement additional correlations including enthalpy

KIT

Karlsruhe Institute of Technology

ATHLET-CD: Reaction Rates for Steam Oxidation of Zr / FeCrAl

0.00100

0.00010 5

1.00e=-005

QOXMOD

2/¢)

& 1,00e-006

§
:

8 B

8 8
v

1.00e-010

1 (15} Cathcart-Prater/Couriright

2 (16} Cathcart-Urbanik/Heidrick
—+— 319} Leistikav-Prater/Courtright
—4— 25 FeCrAl: Stuckert

25: FeCrAl: Stuckert*300

-

\

1.00e-011 4

Rate Constante K {(g/em™2)*

1.00e-012 4

1.00e-013 3

RN

™,

1.00e-014
0

4 05 06 0.7 0.8 0.9 1

Reziprocal Temperature 1000/T (1/K)

T. Hollands, 2020. Post-test analytical benchmarks—GRS simulation capabilities —, Experts’ Meeting for the NEA joint undertaking QUENCH-ATF, OECD/NEA, Paris.
Pint, B.A., et al., High Temperature Oxidation of Fuel Cladding Candidate Materials in Steam-Hydrogen Environments, Journal of Nuclear Materials 440, pp. 420-427, 2013.
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MELCOR: FeCrAl Oxidation Model ﬂ(".

» Based on prior work by INL/ORNL e

1.E+01

» Reaction rates apply data from Pint, et.al., prior to 16400 K(T) = Aexp (-B/T)

1.E-01

breakaway. 1.E02 \

. b 1.E-03

» Oxygen uptake data is converted to metal reacted < _i:w
and standard units. L

» Must assume prevailing oxides to convert from £ ...

oxygen to metal reacted. LE09

1.E-10

FE+4/3-H20 — 1/3-Fe;0,+4/3-H2

1.E-12

CR+3/2-H20 — 1/2-Cr,04+3/2-H2 e ok o 0 o

AL+3/2H20 — 1/2AL203+3/2H2 . : i . 1000/T (K7)

> K:4360 _e_(41376/T) ——Zirconium ——Stainless-Steel FeCral
» New MELCOR modeling allows specifying all the reaction parameters

Merrill, B.J., Bragg-Sitton, S.M., Humrickhouse, P.W., Modification of MELCOR for Severe Accident Analysis of Candidate Accident Tolerant Cladding Materials, NED 315 170-178. 2017.
Robb, K.R., Howell, H., and Ott, L.J., Design and Analysis of Oxidation Tests to Inform FeCrAl ATF Severe Accident Models, Oak Ridge National Laboratory, ORNL/SPR-2018/893 (July 2018).
Pint, B.A., et al., High Temperature Oxidation of Fuel Cladding Candidate Materials in Steam-Hydrogen Environments, Journal of Nuclear Materials 440, pp. 420-427, 2013.

Phillips, J., Luxat, D., 2020. MELCOR Modeling of QUENCH-15/19, Experts’ Meeting for the NEA joint undertaking QUENCH-ATF, OECD/NEA, Paris.

Phillips, J., 2020. Updat