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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS (CSNI)

The Committee on the Safety of Nuclear Installations (C&bdyesses Nuclear Energy
Agency (NEA) programmes and activities that support maintaining and advancing the
scientific and technical knowledge base of the safety of nuclear installations.

The Committee constitutes a forum for the exchange of technical information and for
collaboration between organisations, which can contribute to its activities from their
respective backgrounds in research, development and engineering. It has regard to the
exchange of information between member countries and safety R&D programmes of
various sizes in order to keep all member countries involved in and abreast of
developments in technical safety matters.

The Committee reviews the state of knowledge on important topics of nuclear safety
science and techniques and of safety assessments, and ensures that operating experience
is appropriately accounted for in its activities. It initiates and conducts progeamme
identified by these reviews and assessments in order to confirm safety, overcome
discrepancies, develop improvements and reach consensus on technical issues of
common interest. It promotes the-eaination of work in different member countries

that sere to maintain and enhance competence in nuclear safety matters, including the
establishment of joint undertakings (gajnt research and data projects), and assists in

the feedback of the results to participating organisations. The Committee ensures that
valuable engproducts of the technical reviews and analyses are provided to members in
a timely manner, and made publiavailable when appropriate, to support broader
nuclear safety.

The Committee focuses primarily on the safety aspects of existing power reactors, other
nuclear installations and new power reactors. It considers the safety implications of
scientific and technical developments of future reactor technologies and desigels a

as human and organisational research activities and technical developments that affect
nuclear safety.
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Foreword

This report representsthe state of knowledge at the time it was approveat the 67"
meeting of the CSNI in June2020 (NEA/SEN/SIN(2020)2, not publicly available).
No other developmens after that date have been included.

Passive systentmve been aimportant part of nuclear power plant technology bavde
gainedin importanceo demonstrate safetwer timewith the development of new and
innovative reactor design¥hese systemare valued for not requiring activeput to
startand for being able to operate without an external energy supply such as electricity.
While passive systems have been shtwmireeffective at meeting safety functiqiisere
remain some questions regardihgverificationo f t h e s abiliy yosperatenia 6

a consistentashion when called upoim particularfor passive systegrelying on small
driving forces such as natural circulation.

Determining the reliability of passive systems involves two key areas of science and
technology, nuclear thermal hydraulics and probabilistic safety asses3inismeport
seeksto achieve a common understanding of passive systems and their performance
from these two perspectives and draws upon a large number of associated references.

Two major supporting activities are embeddethis report:

1 A survey of passive systems of interestNoclear Energy AgencyNEA)
membercountries was launched. Detailed answers were collected andedhaly
providing an understanding of current and envisageek for these systems

1 A benchmark was undertaken with experimental data made availalthe by
Italian National Agency for New Technologies, Energy and Sustainable
Development ENEA) from a largescale passive loopThe PERSEO
benchmark explored the complexity of modellirige thermathydraulic
transient performance of passive systems and demonstinatedallengesof
adequately predicting passiggstem behaviour with computational tools. The
results of the benchmark are included in a second volursteeport(NEA,
2024).

In writing this report, connections have been made with other actiatitise NEA
Committee on the Safety of Nuclear InstallatioBSKI), in particular with the findings
from the CCVM €omputer code validation matrices, experimental facilities and
phenomena) documerpiroduced in thd 980G and thel99Gs, and with the more recent
report dealing with scalingEA (20179). The output of these activities demonstrates the
breadth of the knowledge base underpinning our understanding of the behaviour of
active ystems and illustrates the importanceegpanding the curretnowledge base

to support the deployment of passive systéhat rely on small driving forces in order
to achieve their intended safety functidhere aresource of datathataddressspassive
systemghat should be considered when extending the CCtdMincompass a similar
knowledge base that exists for the active systems

The contributions to this report come framdividuals ina wide range of roles in nuclear
technologyincludingindustry, reguldbn, research and academiéarious perspectives
are presemd, with safety being more prevalent in Chaefundamental and applied
research in ChapteBand 4, and industry (designers) and tetion in
Chapters. Chapter Gummarigs all the viewpoints with conclusions and
recommendations.

All figuresand tableshat do not include source informatiaere created for the activity
The source in these case$MEA data, 2024
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Li sdb bo fe v iaateir@nnsy ms

Note: abbreviations or acronyms below are expected to cover eltieesihgular or the
plural, e.g.BWR and BWRs are both reported in the main text as BWR.

ABWR
AC
ACC
ACCU
AC?
ACME

ACR-1000
ACR-1000
ACT-START
ADS
AES-2 006
AGM
AHWR

AK

AK-IS
ALARA
AM
AM-SIS
ANL

ANN

ANS
ANSYS
AOO
APASS

APEX

APOP
APR
APR+
APSRA
APWR+
AP-1000
AP-600
ASME
ASN
ASTEC
ASTRUM
ATLAS

ATHLET

ATWR
ATWS

Advanced BWR (GE, Toshiba and Hitachi design)
Alternatingcurrent

Accumulator

See ACC (used in Figute3)

TH system code developed at GRS, Germany

Advanced core cooling mechanism experim@&xperimentafacility for
passivesystems Ching

Advanced CANDUreactor (Canadian design)

Advanced PWRChinese design)

Active componenfailure during startip (used inFigure3.13)
Automaticdepressusation system

Advanced WWER (Russian design)

Advisory groupmeetingi IAEA framework
Advancedheavywaterreactor(Indian design)

Adaptivekernel

AK-basedmportancesampling

As low asreasonablychievable

Accidentmanagement

Adaptivemetamodelingbased subset importance sampling
Argonne National Laboratorfinited States)

Artificial neural network

American Nuclear Society

Commercial CFD code

Anticipated operational occurrence

Assessment of passive safety syst@ongject proposal within EURATOM
[dealing with passive systeins

Advanced plant experimentxgerimental facility for passive systems
available at CorvallidUnited States

Regulatory document in Romania

Advanced power reactor

Advanced PWR (Korean design)

Passive system reliability methodology proposed in India, 2008
Advanced PWR (Japanese design)

Advanced PWR of Westinghouse

Advanced PWR of Westinghouse

American Society of Mechanical Engineers

(Responsible) Regulatory Authority in France

SA code developed within the EURATOM framework

Automated statistical treatment of uncertainty method

Advanced thermahydraulic test loop for accident simulati@Experimental
facility for passive systems available at KAERI, Daejdorea)
Analysis of the thermal hydraulics of leaks and transi€ritssystem code
developed by GRS, Germany, see also ATHLED)

(TH relationships) for advanced waiszoled reactors IAEA framework
Anticipated transient without scram
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AWCR
BAMS
BARC
BDBA
BDLB
BE
BEPU
BIC
BMS
BMW
BP
BPG
BSS
BWR
CAER

CAMP
CANDU
CAPS
CAP-1400
CAREM-25
CAS
CATHARE
CCC

CCF
CCVM
CCw

CDF

CDS

CE

CEA

CET

CFD
CFD4NRS
CFR

CFX

CHF
CIWH

CL
CLASSIC

CLB
CLOF
CLOP
CMF

CMT
CNCAN
CNRA
CNSC
COCOSYS

COMP-FAIL

COMO

Advanced watecooled reactors

Break and ADS measurement system

Research centre &habhain Mumbai (India)

Beyond DBA (see also DEC)

Bottom drain line break

Best estimate

BE plus uncertainty

Boundary and initial conditions

Break (flowrate) measuring system

Boiler makeup water (system)

Break position (used in Figure21)

Best practice guidelines

Break simulation system

Boiling water reactor (also BWR)

Centre for Advanced Engineering and Rese@mesearch centre in Virginia
United States

International programefor TH code assessment (USNRC framework)
Canadian Deuterium Uranium (reactor)

CSNil activity proposal sheet

PWR designed in China

SMR1 Argentinean design

Compressedir systen(for instruments in IET)

TH system code developed by CHAancé
Containmentooling condenser

Commoncause failure

Computer (or CSNIyode validation matrix

Condenser cooling water

Coredamage frequency

Condensatdraining system

Crossentropy

Commissariat| édergieatomiqueet aux énergies alternativédsénch
Alternative Energies and AtomicmErgyCommission, France)
Continuousevent tee

Computationafluid dynamics

Series of CFDworkshops (CSNI framework)

Code offederal reglations

Commercial CFD computer code

Critical heat fux

Condensatiomduced water hammer

Coldleg

Experimentafacility for passive systermavailable at KAERI, Daejeon
(Korea)

CL break

Completeloss of flow(used in Figure.13)

Confidencdevel of probability

Commonmode #ilure

Coremakeup tank

National Commission for Nuclear Activities Cont{®omania
Committee of Nuclear Regulatory AuthoritiesNEA framework
Canadian Nuclear Safety Commission

Containment code developed by G&&rmany
Transfergatein reliability assessment (Figugl2)

Model for condensation part of COCOSYS code
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CONAN Experimental loop to study condensation
CONTAIN Containment code developedtive United States
COSMEA Facility at HZDR(Germany) see also TOPFLOW

CP Collaborativeprojecti IAEA framework

CPU Centralprocessing nit

CPV Coolingpool vessel

C-PRHRS Containment PRHRS

CRAW Completerod assembly withdrawdlised in Figuret.13)
CRIEPI Central Research Institute of Electric Power Indugiapai
CRP Co-ordinatedResearchProject (IAEA framework

CSARP International programefor SA code assessment (USNRC framework)
CSAU Codescaling applicaility, and uncertainty

CSNI Committee on the Safety of Nuclear Installations (NEA)
Csv Containmensimulation \essel

CT Computettomography

CVCS Chemical androlume control system

CVP Continuousvalued parametdtime function)

CvVs Chemical and volume control system

CWS Coolingwater system

DBA Designbasis accidentsee also DBC)

DBC Desigrbasis conditions

DBE Design-basis arthquake

DC Downcomer

DCS Distributed control system

DDET Discrete DET

DEC-A Designextension ondition- A-type

DEC-B Designextension ondition- B-type

DEDVI Doubleended direct vessel injection

DEG Doubleended guillotine

DET Dynamicevent tree

DHR Decay heat removal

DiD (or DID) Deferce-in-depth

DNBR Departure from Nucleate Boiling Ratio

DOE Department of EnergfUnited States)

DP Differential pressure

DSA Deterministicsafetyassessment

DVI Directvessel injection

DW Drywell

DYN3D Neutronphysics computer code

EASY Experimental programerelated to KERENA and A€Germany
EBS Emergencyboron ystem

EBSA Ensemblebased sensitivity analysis

EC European Commission

ECCS Emergencycore cooling system

ECT Emergencycooldown tankused in Figured.12 and £1)
EDG Emergencydiesel gnerator

EFSP Experimentaprogrammeon SFP (PANDA related Project)
EIP EIl ®ment i mpor t antomgorentimpdrtant fgprotectio®)c t i on (
EJ Expertjudgement

ELSMOR European Licensing of Small MOdular React®ject within EURATOM
[dealing with SMR)
EM Expectatiormaximisation @lgorithm
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ENEA

EOP

EPR
ERCOSAM/
SAMARA
ESBWR
ESFP

ET
ETSON
EU

EUR
EURATOM
EVR
FAST
FESTA

FFTBM
FIV

FLB
DCNS
FLUENT
FMEA
FMM
FOAK
FOM

FR

FR

FS

FT

FW
FWLB
FWP
FWT
GAP
GDCS
GDLB
GE
GENEVA
GFR
GOTHIC
GRS
GSA
HAZOP
HD
HeatPipe
HERO2
HEX

HL

HPC
HPCI

Agenzia nazionale per | e nuove tecnol

sostenibile (National agency for new technology, energy and sustainable
economic development, Italy)

Emergencyoperating pocedure

PWR designed by Framatome

Containment thermaiydraulicsof current and future LWRs for severe
accident managemefBURATOM and ROSATOM)
Economicsimplified BWR (GE design)

Experimental programme on Spent Fuel Pool

Eventtree

European Technic&8afety Organigtion Network

European Union

Europearutility requirements

EU framework for nuclear technology

Ex-vessel retention

Fourieramplitude sensitivity test

Facility for Experimental Simulation of Transients and Accidents
(experimentalfacility for passive systensvailable at KAERI, Daejegn
Korea)

Fast Fourier transform based method

FW IV (used in Figuret.21)

FW line break

SMR fornaval urpose (8ction 5.3.3.3)

Commercial CFD computer code

Failuremode andeffect analysis

Finite mixture nodels

First of akind

Figure ofmerit

Fails torun (passive system)

Flow restrictor (used in Tablé.3)

Fails tostart (passive system)

Faulttree

Feedwater

FW line break

Frameworkprogranme (of EURATOM)

FW tank

Test facility (part of INKA, used in Tabke.17a)

Gravity driven cooling system

Gravity driven line break

GeneraElectric

Testfacility at Technical University of DresdéGermany
Gascooled fast reactor

System code (with CFD features) developed at 8biited States)
Gesellschaft fur Anlangemnd Ratorsicherheit (TSO in Germany)
Globalsensitivity aalysis

Hazard andperability (analysis)

Hellingerdistance

Testfacility at University of StuttgatiGermany

Testsection at SIET

Heatexchanger, also HX

Hotleg

High-pressure containment

High-pressure coolant injection
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HPR-1000 Advanced PWR (Chinese design based on French technology for UK market)

H-SIT Hybrid SIT (new type of SIT, &tion 4.2.1.2), also HSIT

HVAC Heating,ventilation and air conditioning; or high voltage alternate current

HX Heatexchanger, see HEX

HXP HX pool

HYMERES Project based upon MISTRA and PANDA experiments

HZDR HelmholtzZentrum DresdeiRossendorfResearcitentreRossendotf
Germany

H2TS Hierarchicaltwo-tiered scalindprocedure)

IAEA International Atomic Energy Agency

1&C Instrumentation and control

IC Isolationcondenser

ICS IC system

ICSG IC (heat sink) which removes thermal power from SG (heat source)

ICSP InternationalCollaborativeStandardProblemi IAEA framework

ICTP Abdus SalamnternationalCentrefor Theoretical Physics, in Trieste (Italy)

IET Integraleffect st (andacility)

IMTHUA Integratedmethodologyfor TH uncertaintyanalysis

INKA Integraltest facility for passive systemasailable at Karlstein (Germany)

INL Idaho Nationalaboratory (also INEE(United States

INPRO International Project on Innovative Nuclear Reactors and Fuel €ycle

INSAG International Nuclear Safety Advisory Giou

INSC International NucleaBafety Center (ANL)

IP Interconnecting pipe

iPOWER Advancednuclear power planinder design in Korea

IRSN TSO in France fonuclear safety

IRWST In-containmentefuellingwater storage tank

IS Importancesampling (e.glS-Des), orinput saliency

ISD IS density

ISI In-Service Inspection

ISP Internationalktandard pblem, CSNI framework

IST Integratedsystem tesi facility for passive systemsvailable in Virginia
(United Stateg

ITF Integraltest facility (see also IET)

v Isolationvalve

IVR In-vessel etention

IWG Internationalworking goupi IAEA framework

JAEA Japan Atomic Energy Agency

JAERI Japan Atomic Energy Research Institute

KAERI Korean Atomic Energy Research Institute

KERENA New BWR design by AREVA see also SWHRO000

KINS Korea Institute of Nuclear Safety

KIT Karlsruhe Institute of Technology

KLD Kullback-Leibler divergence

KLoss (pressure).oss coefficient at geometric discontinuity

KTA Nuclearsafety sandards in Germany

LBB Leakbefore beak

LB-LOCA Largebreak LOCA

LCO Limiting conditions of operation

LCS Lower containmensump

LERF Largeearly release frequency

LHS Latin hypercube sampling

LMFBR Ligquid metal fast breeder reactor
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LOCA
LOOP
LP

LRF

LS
LSBWR
LSGP
LSTF

LTC

LUT

LWR
MAAP
MASLWR

MC
MCDET
MCMC
MCS
MELCOR
MFIV
MFWS
MISTRA
MIT
MHI

MO
MOX
MOTEL

MS
MSIV
MSL
MSLB
MSS
MSSV
MT
MWT
NC
NDP
NEA
NEPTUNE
NI2050
NIST-1
NO
NOKO
NRA
NRC
NRS
NS
NSC
NSSC
NTH
NUBIKI

Lossof-coolant @&cident

Loss ofoff-site power

Lumpedparameters

Largereleasdrequency

Line sampling

Long operating cycleimplified BWR (Japan design)
Low SGpressure (used in Table 4.3)

Largescale test facilitfexperimentafadility available at JAEA, TokaMura,
Japan)

Long-term cooling

Lappeenranta University of Technoloffsinland

Light water eactor

SA code developed ithhe United StatefFauske & Ass.)

Multi-applicationsmall light water reactor experimental facility for passive

systemsvailable at OSU, Corvallis (tted States

Monte Carlo

Monte Carlo DET

Markov ChainMonteCarlo

MC sampling

SA code developed at SNUnited States)

Main FW isolation \alve

Main FW system

Facility for containment studies in France
Massachusetts Institute of Technoldnited States)
Mitsubishi Heavy Industries Ltd (designed in Japan)
Related to spurious opening of an isolation valve (used in Table 4.13)
Uranium-plutonium fuel

Experimentafacility for passive systengvailable at LUT, Lappeenranta
(Finland)

Measuremengystem (used in &tion 5.2.5.2)

Main steam isolation valve

Main steamine

MSL break

Main steam system

Main steam safety valve

Make-up tank (used in Figuré.21)

Main water tank(used in Figuret.21)

Naturalcirculation, omon-condensabléused in Table 4.13)
Non-dimensional parameters

Nuclear Energy Agency

CFD code developed by and CEA

Nuclearinnovationi NEA initiative

NuScaleintegral system test facilifiy designed by NuScal@nited States
Normaloperation

Test facility at Juelich Resear€lentre(Germany

Nuclear Regulatory Authoritdapan
NuclearRegulatoryCommissionUnited States)

Nuclear reactor safety

Nitrogensystem

NuclearScience @mmittee NEA)

Nuclear Safety and Security Commiss{#ored
Nuclearthermathydraulics

Researclorganisation in Hungary
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NUGENIA
NUREG
NURESAFE
NUTHOS
OECD
OLC

OM

oP
OPEX
OPR1000
(O

osu
OUR
PACTEL

PAFS
PANAS

PANDA

PANTHERS
PAR

PAS
PASCAL

PASI

PASSBO
PBL

PC

PCC
PCCS
PCCT
PCE
PCHX
PCRS
PCV
PDF
PERSEO

PFS
Phw

PIE
PIPERONE
PIRT

PL

PM
POLIMI
POLITO
PORV
POSRV
PPE
PPPT
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Nuclear Generation Bindlll Associationi EURATOM framework
Document issued by USNRC

Project, EURATOM framework

Series ofconferences in NTH

Organisation for Economic Cmperation and Development
Operational limits and conditions

Operation andnaintenance

Overallpool (PERSEO facility)

Operatingexperience

Advanced PWR (Korean design)

Ordergtatistics

Oregon State Universitypited States

Origin of unreliability

Experimentafacility for passive systemavailable at LUT, Lappeenranta
(Finland)

Passivaauxiliary feedwater system

R & D project focusing on components investigations at TUD and HZDR
(Germany

Experimentafacility for passive systenavailable at PSI, Villingen
(Switzerland)

Facility at SIET, Piacenza

Passiveautocatalyticecombiner(for Hy)

Passive

Experimentafacility for passive systenmavailable at KAERI, Daejeon
(Korea)

Experimentafacility for passive systermavailable at LUT, Lappeenranta
(Finland)

Project proposal within EURATOM (dealing with passive systems)
Pressurdalanceihe

Pressureontainer (used in Figu#:20)

Passivecontainmentooling or cooler

Passivecontainment cooling system

Passivecondensate cooling tank

Polynomialchaos gpansion

Passivecondensation heat exchanger

Pressureontainment and radiation suppression
Prestressedontainment vessel

Probabilitydensity function

Experimentafacility for passive systermavailable at SIET/ENEA in Piacenza
(Italy)

Passivdiltering system
Phenomenologicalindow

Postulatednitiating event

Experimentafadlity at University of Pisgltaly)
Phenomenédentification andrankingTable
Related to level change in PCCT (used in Tdble)
Probability (of initial state for a givempission
Polytechnic of Milan(ltaly)

Polytechnic of Turir(Italy)

Pilot-operated relief valve

Pilot-operated SRV (see also PORV)
Preproject engineering

Passivepressure pulse transmitter
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PRA
PRG
PRHR
PRHRS
PRZ
PS
PSA
PSAR
PSI
PSIS
PSORV
PSP
PSPRHRS
PSS
PSV
PT
PUMA
PWR
PXS
PZR
QA
Q&A
QME
RATEN
RB
RBF
RCIC
RCIP
RCP
RCS
RDET
R&D
REFILL
REGDOC
RELAP5

REPAS

RG
RHBP
RHWG
RIA
RIDM
RMPS
RNS

ROSA-AP-600

ROSATOM
RPS

RPV

RS

RSM

R-S

Probabilisticrisk assessmelfsee also PSA)
Progranmereview group(CSNI)

Pressuriedresidual heat removal

PRHRsystem

Pressurier (see also PZR

Passive system

Probabilisticsafety @sessment (see also PRA)
Preliminarysafety analysis report

Research Institute iillingen (Switzerland
Passivesafety injection system

(used in kgure4.21) see POSRV

Pressureuppression gol

Primarysystem PRHRS

Passivesafety system

PRZsafety valvgline break)

Periodic tests

Experimentafacility for passive systemavailable at PurdudJpited States
Pressurisdwater reactor

Set of passive components (or ovepasive systejn
Pressurier, see also PRZ

Quality assurance

Questions andnswers

ASME standard

Institute for Nuclear Energy Research in Romankitesti
Reactorbuilding

Radialbasis tinctions

Reactorcore isolation cooling

Readtor coolant injection pump

Reactorcoolant pump

Reactorcoolant gstem

Repairable DET

Research andevelopment

Transfergate in reliability assessment §sed inFigure3.12)
Regulatorydocument in Canada

TH code by NRC and INL ithe United Stategvarious versions including
AMODO identification)

Passivesystem reliabilitymethodology proposed in Italy, 2000 (included in
RMPS)

Regulatory Guide (USNRC)

Combinationof PRHR and IRWST (used in FigubeB)
Regulatoryworking goup (of WENRA)
Reactivityinitiated acident

Risk-informed decisiormaking

Passivesystem reliabilitymethodology proposed in EU, 2004
Normalresidual heat removal system
Experimentafacility for passive systenmmvailable at JAEA, Tokai Mura
(Japan)

Russian State Nuclear Company

Reliability of passive systems

Reactompressure vessel

Responseurface

RS methodology

Resistancestress (model)
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RTA
RTR
RV
RWST
RWT
SA
SACO
SAP
SAR
SB-LOCA
SBO
SBWR
SC
SCS
SCVS
SCWR
SDA
SDCA
SECY
SER
SET
SETH
SFC
SFP
SG
SGC
SGTR
S
SIET
SIP
SIRIUS
SIS
SIT
SLB
SMART SMR
SMART-ITL
SMR
SNETP
SNL
SOAR
SP
SPE
SPES2
SPICRI
SRT
SRV
SS
SSC
SSG
SSR
STAR-CCM+
STR
STUK
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Relevanthermathydraulic aspect

Realtime radiography

Reactowvessel (see also RPV)

Refuellingwater storage tank

Refuellingwater tank(used in Figuret.12)(see also RWSJT
Severeaccidentpage 189pr sensitivity analysigpage 133)
SAfety COndenser

SafetyAssessmerRrinciples

Safety AnalysisReport

Smallbreak LOCA

Stationblackout

Simplified BWR (GE designJnited States
Suppressiochamber (of WW)

Shutdowncooling g/stem

Sub-channel void sensor

Simplified CANDU (Canadian design)

Standarddesign aproval

Standarddesign change approvaised in Figure.13)
(Nuclear) Safety document issued by USNRC
Safetyenhancement resear(ised in Figuret.13)
Separateffect tesi{andfacility)

EURATOM project

Singlefailure criterion or concept

Spentfuel pool

Steamgenerator

SGcooling (used in Tabld.12)

SGtube upture

Safetyinjection

Company for experiments in TH

Safetyinjection pump

Experimentafacility for passive systenmevailable at CRIEPI (Japan)
Safetyinjection system

Safetyinjection tank

Steamline break

SMR designed in Korea, or Algorithm in reliability analysis
See FESTA

Smallmodular eactor

Sustainableuclear energy technology platfoirfEURATOM framework
SandiaNationalLaboratory(United States)

Stateof-the-art report

Systemperformance (used in Figudel3)

Standardproblem exercis AEA framework
Experimentafacility for passive systenavailable at SIET, Piacenza (Italy)
State Power Investment Central Research InstiCtéa
Standardeference teqused in Figure.13)

Steanrelief valve

Subsesimulation, or steady state

Systemsstructures and components

Safetystandard guidd AEA document)

Specificsafety requiremerlAEA document)

Commercial CFD computer code

Steamtube rupture

Regulatory Authority in Finland
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su
SVM

SVP

SWR

SYS

TAF
TASS/SMRS
TCM
TDAFW
TECC
TECDOC
TH

THP
TLOSHR

™
TOPFLOW

TRACE
TSO
UA

UH
UHS
uJD
UNIPI
UOX
USNRC
VCS
VISTA-ITL

VM

VOF
VTT
V&V
VVER
WCNR
WENRA
WGAMA
WGRNR
WGRISK
WMS
WR

WwW
WWER

2D
3D

Startup (used inTable4.13)

Supportvector machines

Singlevalued parameter

BWR (German abbreviatiohsee also KERENA and SWR000)
System

Top ofactive fuel

Computercode developed in Korea

Tecmical committee meeting IAEA framework
Turbinedrivenauxiliary feedwater

TH of ECCS

Technicaldocument (issued by IAEA)

Thermathydraulics, also H (see also NTH = Nucle@inermathydraulics)
Thermathydraulic phenomena

Totalloss of secondary heat remoyased in Figure4.13)

Target (of amission (for apassive systejn

Experimentafacility for passive systenmevailable at HZDR, Rossendorf
(Germany)

TH system code by USNRC

Technicalsupportorganisation

Uncertaintyanalysis

Upperhead

Ultimate heat #nk

Nuclear Regulatory Authorit{SlovakRepublig

University of Pisgltaly)

Uraniumoxides

See NRC

Volumecontrol g/stem

Experimentafacility for passive systenavailable at KAERI, Daejeon
(Korea)

Varianceminimisation

Volume offluid

Research Institute in Finland

Verification andvalidation

See WWER, also VVER40 and VVER1 000

Watercooled nuclear reactors

Western European Nuclear Regulators Association

Working Group on Analysis and Management of AcCidéNEA)
CNRA Working Group on the Regulation of New Reactors
CSNI Working Group omRisk Assessment

Wire mesh snsor

Widerange (used in Tabi.3)

Wet well

Watercooledwater moderator energy reac{®ussian designsee also
VVER)

Two-dimensional (also-D)

Threedimensional (also-®)
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EXx ec sutmnvaer y

Passive thermaiydraulic systems are widely used in nuclear reactor safety and design.
For example, primary circuits in existirigpiling and pressuresl water reactorsare
designed to take advantage of the relative position of the reactor core and heat sinks to
remove nuclear decdaeat Theuseof passive systenthat rely orthe lowdriving forces
(e.g.compared with forces in systems with active pumps) arising from buoyancy effects
may not besufficientto establish stable flow patterasder expectedccident conditiosn
andmust be considered and addressed carefullye desigrio demonstrate thatafety
functionscan be achieved

Passive safety featuréske advantage of natural forces or phenomena such as gravity,
pressure differences or natural heat convectimulhavebeenused for many decades.
The passive systems of Generatiohdiling and pressurésl water reactatesigns have
been widely investigated in the pasid have been found to be capable of achietiag
required safety functiondlewer Generation llhnd advanced reactor designs rely more
on passive systems in their design and therefore, attention is now beintgddéy
understanding thecapabilities This reportseeksto achieve a common understanding
of thermathydraulic passive systenasd their performan¢and not the wider class of
passive systems possible in nuclear reacfine.phenomena and mechanisms being
considered are those associatgth the transienbehaviourof single and twephase
fluids, andnot with other possible mechanical, electric, electronic imstrtumentation
and control I&C) failures.

The global behaviour of passive therrhgbraulic systems is determined bgtural
circulation in both nominal operation (design) andraiminal (accident) conditian At

a more detailed level, phenomena like temperature stratification, -doetact
condensationthe influence of norcondensable gases on condensation and -three
dimensional mixing in large pools, are connected with passive sys$foisanisms that
could affect thavorking conditions during transient operation and design specifications,
areinvestigatedn this reportand should be addressed during design and licensing of
nucleartechnologies that rely heavily on passive systems

Thefields of nuclear thermahydraulicsand probabilistic safety assessment are involved
in the evaluation of potential failusén, and the overalieliability of, passive systems.

A connection is establishedtinisreport between theoncept ofieferce-in-depth (DiD)

and passive system3he difficulties in appfing DiD concepts,which are well-
established for active systenage characteresifor passive systems in this report

Distinguishing the termgreliabilityd and fiuncertainty was part of theinitial work
performedfor the activity documented in ireport. These terms are established in
various fields of scientific literaturéncludingtheory of probability and applications of
computational tools to solve complex therrhgtlraulic problemsThis report puts a
focusonthe connectiometweerreliability and uncertainty and the evaluation of passive
systems

As abasicexample of theeliability concept onemay considethe casef an electric
switch: if the switchis pushedo stop the electric current a total b0600timesandthe
current does not stdtimes,it can beconcludel that thereliability of the system (i.ehe
switch) is 99.7%. In passiv&/stemsthe single and twephase fluid domains and the
function of the systermust be consideredih the case of the switcthe failure and the
action to detect the failure are easilyateninedby looking at the electric currerin the
case ofa passive systemhe time duration and target mission consistent with the
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function and acceptability thresholds to failuraust be defined: operational
performancegxperimerdl data,and thermahydraulic code calculations aresedto
match the function (and the mission target) with the acceptability thresholds. The
development and application of a reliability methodology requires the identification of
the sources (origins) of the reliability (or-ualiability). This applies to passive systems

as well as active systems.

The useof thermathydraulic codes to analgpassivesydem transient performance
(i.e.the reliability analysisintroduces uncertaintthat is connected to modelling and
codes and linked to the reabrld performance of the systenisis is in contrast to the
uncertainties introduced in active systems that rely on external power, active control
systems, and operator action to achieve a required safety furidticertainty concepts
arewell understoodn the fields ofnuclear thermatydraulicsand nuclar reactor safety:

the application of uncertaintyequires amang other things, the charactexti®n ofthe
thermathydraulic phenomena of concern, knowledge tbé code structure and
validation process, the identificationtbi origins ofuncertainty and the availability of

an uncertainty method.

Proper frameworks (e.gegulatoryframework$ are needed for thapplication ofboth
the reliability and the uncertainty concefsuclear power plartechnology Suitable
processes demonstrating the qualification and usefulnesiseghethodsshould be
completed in advance-or passive systemsa complex set of thermdiydraulic
phenomenas taking placecontributing tolarge uncertainty bandassociated witlthe
assumptions and limitation®f thermathydraulic codesand may cause large
unreliability values that may natccuratelycharacteris the system.

Comparedo active systems, the passive safety systems show major advantages because
they dependess or not at all, oranexternal energy source andoperator actionsThe

reduced cost, includindue toeasier maintenancis anadvantage for passive systems
performing the same functions of equivalent active systémderstandingof those
advantages are shared among most stakeholders in the indsstgstified by the
number of nuclear reactor desighat makeextensive use of passive safety systebms

the other handhe reliability of passive systeand the capacity to perform the expected
functionscan bedifficult to demonstrate.

When analysing passive systerhgp questioncome to mind (a) whether the same
physical phenomena can be the basis of systemmeeting their intended function in
different DIiD levels (a common cause failure that crosses DiD boundaries); and (b)
consequentially whether the sapessive system can be involved in different levels of
DiD.

Despite thee challenges concerningassive systesy modernnuclear power plant
designers havim practicebeen successful in addressingnthé\s described in Section
2.4, several countries support the use of passive safety feathoseimplementation
has increased overall safety margiand simplified designslhe evaluation of pasive
safety systems is recogads as a&omplex issueThe performance of safety systems is
often based oemaltscaleexperimental facilities, and theontributesgo uncertaity in
understandingystem performancé.his may beparticularly challenging for passive
systems andsaa result, uncertainties in passsadetysystems must be considered and
accounted forandmettodsneed to be availabl® do this.Technical and policyevel
guidancehas been developed and applitmlthe licensingof power reactors utilising
passive systemSome countrieBave independently verified that the passive features in
these designs adequately protect the health and sdfbottoworkers and the public.
This has been underpinned &gymprehensive evaluatisand revievg of thesedesigrs,
supported by experimental data.
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The key conclusion from the performed activitythis reportis as follows:

Suitable analysesand specific demonstratiors of the adequacyof the design and
operation of thermal-hydraulic passive systems, namely those based on natural
circulation, are required to demonstratethe safety of nuclear reactors relying on
such systems

In otherwords, passive systems may contribute to imipigthe safety ohuclear power
plants provided related safety targets are demonstnatétdthe metods, approaches
and data (e.gexperimental database) available to industry and regulators.

Recommendation to industryrassive systemseed to be shown to be capable of
achievingthe required safety functions and may not address all safety ifRassive
systems must be well designed to demonstrate performance and demonstration is
complex. Eforts should be made to achieve the same level of reliabilibalaiulation

tools as thatachieved for system codes simulating reactor designs based on active
systems.

Recommendation tNEA member countriedNoting thatcurrentlythere is no accepted
guideline on how to identify contributors that may induce the failure of the system
including failure modes and mechanismensiderdeveloping an internatiorglagreed
guideline usinghis report as a background documenhis report can also be useful
whendevelopng national guidelines.

Recommendation to regulatorBassive systemsequire detailed modelling, that is
critical to demonstrating safety functions, determining system religbibiyd
understanding uncertainties that contribute to effective licensing and oversight decision
making, as suggested in tlerirvey. Thesourcesof urreliability should be well
considered anthaynecessitatéhe analysisofi e x t r esme cas e

Recommendationio the CSNI (WGAMA and W@RISK): The progress of passive
system researcthould be trackd (see also recommendations to individoalintries)
and in co-ordination withthe IAEA to the extent appropriat@ternational guidelines
for the safety evaluation of passive systahmsuld be developedonsideringhemodels
and methods discussed inistheport.
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1.l ntroducti on

1.1. Introductory remarks

Passive systemsave beerembedded in nuclear reactor technology design and safety
since the beginning. In relation to design, the layout or primary systems of both
pressuried water reactors (PWR) and boiling water reactors (BVeR)on natural
circulation: the mutual positions of core and steam generators in the case of PWR and
the elevation of the feedwater nozzle in the BWR vessel are designed to ensure (at least)
removal of core decay heat when active systemsticeably, centrifgal pumps are

not available. In relation to safetyhie accumulator is another example athermat
hydraulic passive system needed to mitigate the consequences dirkzagdossof-

coolant accidents (LROCA).

In the aftermath ofthe Chernobyl accident in 1986, passive systems received renewed
interest to account for unforeseen situatidtessive systems weseenasbeing part of

the remedyby potentially beingcapable of mitigating or even avoidingforeseeable
situations that causeithe progression of accidentsven those originatg or being
caused by active systeros human errorsThe designs of the simplified boiling water
reactor (SBWR) and of the advanced PWR @@ and, more recently, AFO00) are
significant outcomes. The FukushirBaiichi accident in 2011 reinforced, in this case

in all countries, the interebt passive systems.

One may add at this point that the Three Mile Island accident in 1979 shifted the attention
of nuclear safety analysts from HBOCA to small break. OCA (SB-LOCA), i.e.to
accident scenarios dominated by natural circulation, which constitutes a key
phenomenon at the basis of the design of (selected) passive systems.

Passive systenigve been an important part of nuclear power plant technolodysared
gainedin importanceto demonstrate safety over time with the development of new and
innovative reactor design§he major nuclear accidents that have occurféaege Mile
Island Chernobyl, and Fukushima Daiichi) have contributed to the understaofling
how natural phenomearcontribute to nuclear safety aneinforcethe recognitiorthat
passive systems can be a contributor to inherent protective systems for nucteas reac
whatever the complexity and in whatever unexpected sitisati@yoccur.

However, it is important to note that@rding tolAEA (1992, adopting passive safety
does not necessarily correspond to improved safety in all cases, and the benefit must be
carefully weighted before a design choice is nfiadee details in Section 2.4.1).

A wealthof findings, situations and opinisrcharacteriss passive systemseywords
connectable with related components, phenomena or operation conditions are:
accumulator, battery for powering pHoperatedrelief valve (PORYV), isolation
condenser (IC) and heat exchangers (HEX), turbine and pump of reactor core isolation
cooling (RCIC), condensation in pressure suppression pool (PSP), natural convection in
pools and containment open space, gas (noticeablyopgd) stratification, natural
circulation (NC) during core makep (CMT) draining, steam generator (SG) cooling of

the core, condensation on containment wall, electrical wire, channel blockage caused by
debris, instability in a single boiling channel or parallel channels, quench front
progression during réood, etc. One may also argue that the entire list of phenomena
for code validationNEA (1994, andNEA (1996), including the recently issued list of

116 thermahydraulic phenomena for code validatiomhich are expected to cover
designbasis accident (DBA) conditions in waiewoled nuclear reactors (WCNR),
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Aksan et al(2018, are entirely applicable to passive systems with the exception of a
couple of phenomena dealing with centrifugal pumps and fans.

It is understandable that: (a) any generic statement about passive systems may not be

valid in each of the applicable situatioasd(b) the number ofields of passive systems

research cannot be easily quantified. Therethiexre should be no surprise that a recent

effort completed withiran IAEA framework, IAEA (20149 concludel that there is a

ficl ear need to abhmaie&e@ pmoaet daaladampmdoach [ for
reliability of passi veThswastheenaisnptivaianforl d be very
and the framework within whighhis new CSNI activity was launche@nd thisreport

discusses the findings and the recommendations from the associated review of the

reliability of passive safety systems.

1.2.Scope

Whendeterminng therangeof investigation and applicatiaf thisreport the following
assumptions, constraints and motivations were considéretb particularorder of
importance.

1 The AR1000 and related features (namely containment) are within the stope
this activity; those features, as well as the industrial interest of the reactor may
be considered as a driving motivation for the present study. However, the large
number of passive systems drdcting with each other, e.ghe variety of
involved components and therrfaldraulic phenomena, prevents the direct
applicability of the conclusions of this study to the safety ofrtrastorthis may
fully or at least partly be true as well for some other particular designs,
egFramat omeds KERENAOO®i®RQ farithe onlytomeeof A P
these designs which has already been built and is in opefation

1 The IC, the PRHR, the CMT, the PAFS (acronyms for passive systamk),
various containment cooling systems are within the scope.

9 The small modular reactors (SMR) are within the scope; however, unknown and
specific details of related designs, together with the complexity of a suitable
reliability analyss, prevent &s in the case ofthe AP-1000) the direct
applicability of the conclusions of this study to the safety of those reactors.

1 The reliability of mechanical, electrical and electronic components, like valves,
pipes and welding, instrumentation and control (I&C), batteries and wires are
not addressedn the SOARRPS:the main motivation for thishas to do with
access tothe failure databases anthat therelated data analysigias not
performed within the present framework.

1 The distinction amonglasses of passive systems, édA (1991, because of
the attention focusingpereon thermalhydraulics, is irrelevant in the present
context.

1 The natural circulation (NC) phenomena occurring in RVidBtween reactor
pressure vessel (RPV) and SG and in BAfRide the RPV, between core and
downcomer see e.gD 6 A uR. andM. Frogheri(2002, are nota maininterest
here, although the considered metHodizal approaches can be u#isin those
conditions. The motivation is that this type of configuration is not strictly
speaking a safety system but rather a design coficaptl an intrinsic safety
feature 7 (pursued in the design since the beginning) for which range
investigations hae been performed and related outcomes appear suitable for
design and for assessing the safety of PWR and BWR.
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1 The NC phenomena occurring in BWbtessure suppression psdPSH),
e.g.NEA (1986, as well as in full pressearPWRcontainment systems, NEA
(1999, andNEA (2014, are notthe main point of interest here, although the
considered methodlmgical approaches can be ugisin those conditions. The
motivation is that widgangng investigations are performed and related
outcomes appear suitable for desigrand for assessing the safety of P¥éRd
BWRs.

1 Instabilities in boiling channelavhich are specific othe BWR core region,
NEA (1997, do not constitute a target for the investigation here, although
(again) the considered methodological approaches and selected outcomes appear
suitable for the design and for assessing the safety of passive systems.

Furthermore, the systems dedicated to severe accident management and Generation IV
reactors are not considered within the framework of the current work.

1.2.1.An alternative approach to define the scope

The direct and/or implicit way talefine the scopeof the present document, also
considering the development apldnnirg for this activity withinthe CSNI and the role

and competences of WGAMA (see also the Forewarat), be identified as a sort of
bottomup approach: the nuclear thernmgidraulic context, the phenomena, the
configuration of the passive systems and their transient perfoen@me first; the
characteriation of reliability of thermahydraulic performance for passive systdma
target; the inclusion of reliability methods within the probabilistic safety assessment
(PSA) technology and within thecknsing process can be considered as the final
product.

An alternative way cabe pursued to better characteribe scope and the boundaries
for the activity in the present document. In this case, a sort eddom approach is
followed. Nuclear reactor safety (NRS) is the general framework together with the
established safety objectioé protecing the population and the environment. Then, the
following log-frame type of process can be fixed with a hierarchy dictated by the
execution of subsequent logical steps rather than by their relevance. In this connecti

9 Logical Step 1 is the identification of risk (in PSA/PRA framework
Considering some recent work, DuffeyB. (2012, see also Duffelr.B. 2019,
iri sk can be defined as due to uncertaint
and collectively, as being a high risk or not based on how we feel about it, and
have been taught, trained, experienced, learitn doct ri nat ed. é Th
objective (of a risk analysis) is to comprehensively derive a quantified risk
assessment for a complex technology, with huinanlvement and decisien
makingé<including the consideration of > (
the reality of risk; (c) lack of safety culture; (d) lack of a comprehensive,
consistent regulatory framework; (e) the challenge of continuous change and the
failure to resolveoutstanding safety issues; (f) the failure to require existing
reactors to add safety measures because of cost; (g) the complexity, confusion
and chaos in the response to a severe acci

1 Logical Step 2 is the DD (DiD, related reference IAEA documents are
considered in Chapters 3 and 5 below) which establishes the connection between
the safety objective (aboveentioned and the phyisal features of a system,
e.g.a nuclear reactor.

9 Logical Sep 3 is the introduction of thdipassivity concegt in order to
materialse the DiD requirements: this concept applies to all systems and
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components (also identified as systems, structures and compoBS&Gs,
e.g.see Chapters 3 and 5) ofraiclear power plantTherefore, one may
distinguish passive civil structures, passive features of electrical and mechanical
components or systems, etc., and (of interest here) passive tgadnallic
systems having either the function of protecting the nuclear system from
overpassing the thresholds of a dangerous situation or to mitigate a degraded
core cooling condition.

9 Logical Step 4 is the design of a passive system: this unavoidably includes
mechanical, electrical, chemical, etc., features and connection with othefparts
the overall system, see the discussion @&ct®n 3.3.5.3.1. One of those
concerned features is constituted by the transient théryaahulic performance
of passive systems.

9 Logical Step 5 is the transient thermdiydraulic performance of a passive
system. This identifies the scope for the present document. Thus, the evaluation
of the reliability of thermahydraulic performance constitutes the end of a wide
process and at the same timaraal domain within the broad picture of NRS.

Thermathydraulic passive systems are also envisaged for the nominal operational
conditions in some nuclear reactors: approaches and methods discussed in the present
document are applicable to those situations, too.

1.3.Nomenclature and reference frame (for the reliability of passive systems)

1.3.1.The reference system to establish the nomenclature

In order to establish key nhomenclature and to provide a reference frame for the present
activity, this section $ection 1.3 of the SOARPS) is restricted to the thermal
hydraulic phenomena expected in the system sketohé&igure 1.1. The systems
characteried by an IGtypical configuration and it aims at removing decay power from
the core, with the heat sink constituted by a pool located a fevesraway from the

core at an upper elevation. One heat exchanger (HEX), a surrounding pool, inlet and
outlet pipes and at least one isolation valve to trigger the operation are part of the system,;
the core with its surrounding RPV is part of the passive system, although both the core
and the RPV are part of the main reactor cooling system; furthermore, nat gthow
Figurel1.1, other valves may be associated with the operation of the concerned system
like isolation valves installed in steam lines when the IC is used to cool the SG, or in
discharge lines of accumulators, or in CMT lines, whenpitessuried residial heat
removal(PRHR) system is used in AR 000. Single and twphase NC are expected to
occur in a boiling condenser mode when {pitase conditions are present. The system
has applications in PWAnoticeably including APL 000 where PRHR is installed),
BWRsand SMRswhere core power constitutes the heat source, and SG secondary side
where the heat source is constituted by the primary side of tubes.

The tems above, like NC across the cor¢harappearance of NC instability, are part of
the thermahydraulic phenomena expected for the reference system; however,
geometries,the range of parameters, time spans of interest and computational
capabilities are not neceaxily the same as expectedd@tation to the reference system.

Before further discussing the reliability of passive systems, it is importamttédhat

each system is designed to delicertain functions (here elgeat removal) for a set of
scenari os. Fr om a thisisa nylhuglity 0Opgimigaton pnoblerp f vi e w,
where system reliability is one very important aspect among ott@mgpliance with

regulatory requirements and industry standards, operability, testability, maintainability,
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economics value for money or meeting relevant good practice. Requirements are to be
met on all decisiomelevant aspects. From a regulafgusint of view, one important
aspect for a system that is part of the safety concept of aipthatthere needs to be a
demonstration that gerformsits intended function reliably within the design envelope.

In the context ofhuclear power plandafety, this approach is often referred to as-risk
informed decisiormaking. Further background cabe found in e.g.IAEA (20113;

IAEA (2010, or ONR @017; helpful insghts caralso be found in NASA2011).

Importantly, a system will deliver its futions for different roles, e.dor operational
purposes, as a first line safety system as a diverse emergency safety provision. These are
associaté with different levels of DiD(see e.gIAEA [2014, and IAEA[2019) and
associated with different expectations regarding performance, iliglialand
substantiation, IAEAZ016, ard WENRA (2014).

The key issue of interest here is the demonstration that a passive system reliably fulfils
its intended functions. This safety case is what a designer must make and what a regulator
would review. Additional connected questions shall be raised in relatigeneriaisk-
informed decisiormaking Thesenvolve system optimiion, comparison with active
systens and costand can be formulated as follows:

1. Does the system perform better than an equivalent system equipped with active
components like pumpdf addition,what are the figures of merit allowing a
ranking of safety systems?

2. Is the system cheaper than an equivalent active system, also in relation to
maintenance?

3. Is the degin of the passive system optimised (inerelation to distance between
heat sink and heat source, effective heat transfer area in the heat exchanger, pipe
diameter)?

1.3.2.Reliability and uncertainty

Thermathydraulic phenomena occurring in passive systems, reliability (of the passive
systems) and uncertainty (of calculations of therimalraulic phenomena occurring in
passive systems) are the keywords hereafter.

The concepts of reliability and uncertainty are well established in various fields of
scientific literatureincluding, respectively, thieory of probability antheapplication

(a number of references cited in the text are relevant) of computational tools to solve
complex problems. The focus hereafter is the application of those concepts to the
evaluation of passive systems:

1 Thereliability concept may be easWyewed in the examplef an electricswitch:
if one pushes the switch from its original position (electrical current flowing)
1 000times and the current does not sjimes,it may be concludel that the
reliability of thesystem (i.ethe switch) is 99.7%. Namely, this frequentist view
can be applied to active components for which component reliability can be
measured by testing large samples, possibly with acceleratieand making
use of operating experience feedback.

1 An applicable uncertainty concefquires as a minimum thdentification of
thermathydraulic phenomena, computer code development, validation and use
in simulating the performance of a system, identification of uncertainty origins
and availability of an uncertainty method. The description and/or the
understandig of the concept cannot be summadsin a few lines: the reader
should considereference documents, see ¢&XEA (2008, in relation to bases
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of uncetainty methodologies and IAEA2014b for selected applications of
those methodologies.

It is essential for the application of the reliability concept to define a target mission for
the system (herg¢he duration of the mission shall be considered as embedded into the
targetfithe interruption of the electric currénn previous example) where a specific
function is included (for instance, heat removal from the core so that core degradation is
prevented). For this mission, specific performance requirements need to be,aéfimed
which the actual performance of the systemnld be compared. glally, performance
requirements are set enveloping the assumed uncertainty bands for required system
performance (here, e.that heat flux transferred via the IC system is at least as high as
the residual heat in the core). This is then translated into sensible design requirements
for the system and used in the demonstration of regulatmgpgance criteria (here,
e.g.that fuel claddig temperature stays below200C). Importantly, for the application

of an uncertainty method to provide useful resuhs, systenbehaviourneeds to be
sufficiently well understood and predictablesing the available tools, eif).the
predicted uncertainty in the calculated output parameters is very large, it is of little use
in practical applications and the knowledge of the concerned théydedulic
phenomena may need improvement to reduce the uncertainty.

If one consders the reference system, itbe sketch given ifrigurel.1: the objective

for this SOARRPS activity is to estimate the reliability of the passive system. At this
point,oneshall introduce the additional constrainat the system is not yet realisand

no related tests or experiments are available. The following minimum list of steps to
evaluate the reliability of theystemis needed; see also el§EA (20140:

1) Identify the functions (target of missioor, TM) in the virtual space over which
the system is required to operate and the expected fault scenarios. This needs to
consider the claims put on the system in the overall safety case and extends to
plant operation, control adnticipated operational occurrend@€0), design
basis fault sequences, and design extension conditions. Traditionally, fault
scenarios are assigned to those groups and corresponding leldls dfased
on fault sequence frequencies, seg.lAEA (2019, and ONR 2019. This
allows the identification of a probability for specific miens (probability of
mission,PM).

2) ldentify phenomena affecting system operation. Depending on the scenarios,
phenomena might differ.

3) Identify key parameters and boundary conditions relating to those relevant
phenomena.

4) Identify failure modes and failure mechanisms. This usually includes derivation
of more or less enveloping performance requirements over time, which also
serve as decoupling criteria for the analyses.

5) Choose suitably qualified tools for system performance analyses. This is usually
a thermalhydraulics code, be it a system code or CFD tool. If necessary, perform
necessary code qualification.

6) Determine input uncertainties. This is usually limited to dominating sources of
uncertainty, particularly parameter uncertainties, certain modelling
uncertainties, whereas aleatory and certain systematic uncertainties might be
neglected (here we are notesipting to define and to distinguish between
parameter, modkng, aleatory and systematic uncertainties).
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7) Propagate uncertainties through the simulation model or according to different
proceduregsuch asAEA, 2008, determine if the system meets its performance
requirement and compute overall system reliability.

Figure 1.1. Sketch of the reference passive system to establish the
nomenclature and the reference frame in this report

Valve

Two critical issues may be identified in addition to the issue of identiffaiig possible
situations:

A. The target mission for the reliability evaluation is not as simple as in the case of
the switch used to stop the electric current. In acisstem, the failure modes
of the active components usually dominate the passive failure modes
(e.g.corrosion and short circuit in the cables connected to the switch).
Moreover, active system can be actively controlled with reliable 1&C systems,
including preventing their operation if unwanted. For passive systems, failure
modes are connected with thetrhgdraulic phenomena and will unavoidably
involve a transient process. Moreover, the lack of active control means that the
passive system needs to oper@e not be activated) over a wide range of
conditions within specifications.

B. The calculation of the target mission implies the use of a computational code
and the occurrence of uncertainty.

The cornerstone achievemext this point can be synthesisas follows:

Passive systems may fail to perform their function in a satisfactory manner due to
degradation of process conditions, which provide the driving force. Then, we need to
calculate the reliability of passive systems relying on therthgtiraulic phenomena

for their functioning where the transient performance evaluation is affected by
uncertainty.

There is aparently an inherent ambiguity: on the one hand the actual (expected, not
known) system performance (and, consequentlyreitability) is not affected by the
predictive capability of computational tools which can be quantified with uncertainty,
e.g.IAEA (2008 a nd D GAetal.(1995 adopted for the purpose of analysis; on
the other hand, any possible reliability evaluation by computational tools is affected by
uncertainty

In order to resolve this ambiguity, already within the fipgineering proposal of a
procedure to evaluate the reliability of a passive systed,A u F.,iGav. Galassi
(2000, see alsdafari J. et al(2003, the proposal was made to discoringwcertainty

and reliability: namely, the reliability is the characteristic of a system and the uncertainty
is the characteristic of a calculation. Therefore, the reliability of the concerned passive
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system is calculated assuming, in a first step, that the adopted tinnalilic
computational tools arperfecd  (nb uneertainty) in predicting the relevant thermal
hydraulic phenomena.

1.3.3.Insights into TH code application

The application of thermdilydraulic system codes within nuclear reactor safety and
design constitutes a broad topic widely discusseéeldnnical literature, seeel3.6 Aur i a
F., G.M.Galassi 1998, also needing to address the scaling isd&# (2017), see also

D6 A uFk.,iGaM. Galassi(2010. The following notes supplement and/or justify the
assumption of disconnecting the uncertainty evaluation from the reliability evaluation
when applying a system therrtajdraulic code to the analysis of a passiy&em.

The first note deals with parameter ranges. When looking at parameters ranges expected
in the operation of the concerh@assive IC system above, peessure, temperature,
steam and liquid velocity, heat transfer coefficient and connected temperature
differences, geometry of components including hydraulic diameters, etc., the currently
accepted evaluation is that the code is qualified for the curtestsfof reactors
including some evolutionary ones within their usual range of application.

The second note deals with prediction errors. The analyses of experimental data
involving passive systems, including experiments performed at full scale (pressure,
geometry and exchanged power) of IC, stismalb errors;fismalb uncertainty bands

are expected whefull-scale systems are modelled and related calculations are
performed. The largest contribution to the error is expected to be due to the pressure drop
coefficient (K.osg at geometric discontinuities, which may not be considered an inherent
cock limitation: rather, Koss values are supplied by code user and may need specific
experimental data. The consideration here is that the uncertainty in the prediction of
passive systems performance, excluding the part associated witg Kay result
negligible in somecases of interest (see ey6 A uF.,iGaM. Galass{199q, and

D 6 A uFR. [EdA][2017). In other caseshecomplexity d phenomena (e.@D effects)

may induce larger uncertainties.

The third note deals with scaling. Differently from typical phenomena relevant to nuclear
reactor safety, largscale or eveiiiScale D experiments are available in a number of
cases related to phenomena expected in passive systems. This changes the methodology
to address the scaling issue. The outcome strengthens the conclusion of the previous
note: the uncertainty in the prediction ofspive system performance (alone) is
negligible.

The fourth note deals with the passive system reliability and the uncertainty in predicting
the transient performance of the same system when installed within a coraplear

power plantInteractions between an assigned passive system and the other regions and
systems of a nuclear reactor may reveal a source of instabilities, among other things; this
largely increases reor bands of predictions (i.the uncertainty) and affects the
reliability evaluation. The consideration is that even though the ildljatf a passive
system stan@lone may be suitable, an issue of low reliability may arise when the system
becomes paxif a more complex system (ethe nuclear reactor).

1.3.4.Application of reliability and uncertainty concepts

As a generic outcome from the previous discussibiis understoodthat: (a) the
reliability evaluation of a passive system may involve several scientific areas and
activities: among those, an important one is the assessment of the reliability with which
thermathydraulic phenomenare expectedto support (or negatively impact) the
operation of a passive system (one may take aserafe the system considered in
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Section 1.2); (bthereliability of a system can be distinguished and disconnected from
uncertainty (in calculations related to the same system) when thieyahaulic
computational analyses are performed.

The focus for this section is to set out a distinction between uncertainty and reliability,
which is not commonly accepted (or agreed) so far within the international scientific
community: in order to achieve this goal, use is madegiresl.2, 1.3 and 1.4Data

in those diagrams shall be intended as qualitative; furthermore, a relative, rather than an
absolute, type of information shall be associated with those data.

Reliability calculation

The target mission (TM) and the probability of mission (PM) are envisaged quantities to
calculate the reliability of a passive system; namely, reliability of NC occurring in the
reference passive system is of concern here. PM can be interpreted as abéirob

any state occurring for the passive system following any demand of operation for the
whole continuum of initial state; TM is defined based on the design goals for the passive
system (different definitions are possible).

The calculation of PM requires the identification of the passive system boundary and
initial conditions (BIC) and the consideration of the origins of unreliability (OUR).
Examples of BIC quantities are the pressure, the core power and the distribultideh of f
temperature in the system pipelines at the time when the passive system operation is
triggered. OUR quantities are discusse8ention 1.3.5. Suitable techniques are needed

to evaluate the probability of an initial state for the passive system iopelat
combining BIC and OUR, see elarquesM. et al.(2005. BIC and OUR shall be
quantified by numerical valugs/hich enter into a process to estimate PM: therefore,

PM shall be intended as the probability that an assigned state is reached by the system
during its overall operational life: in other terms, the sum of the probabilities of all
expected states is unjtijurthermore, there are high probability stathere the system

(or the thermahydraulic conditions occurring in the system) is expected to operate and
low probability states where the same system does not necessarily enter in each mission.
Neverthelessboth the high and the low probability states shall be considered for the
evaluation of the quality of a (passive) system (or of its reliability).

The calculation of TM implies the knowledge of the system design conditions and
(necessarily) of one or more transient scenarios: in the concerned case (NC system with
heat source and heat sink), the TM is expected to be a function of the thermal energy
removed from the heat sourcee(core decay heat) during an assigtiete. Several
conditions (e.gmass flowrate and margin to departure from nucleate boilDNBR]

greater than assigned values for an assigineg) may be used to form the TM. The
calcdation of TM typically needs a transient theramgidraulic computer code
calculation, as already mentioned.

TM and PM may be related andiagram am Figurel.2 @ll diagrams in Chapter 1 shall

be intended as qualitative sketches, meaning that for instance a TM = 0.8 could be
tolerated as a correct working conditipe)g.directly dealing with a passive system
meeting the target missioBach open bullet constitutes the result of a calculation which:
(a) is performed starting from one PM value and, (b) brings to one TM value. A line
connecting the open bullets, hereafter called the reliability line, sepeshadslity and
unreliability regions. Looking at the value PM one may note that different TM values
may be associated with a single fault sequence: the lowest TM value is used tgpbuild
the reliability line. The system reliability is connected with the integral of the dotted
region above the reliability line: possibly more weight can be given to the TM values
close to the region PM = 1.
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Comparison of passive and active systems

TM and PM values, as well as the reliability line have a resagte relative meaning,
although an effort can be made to providefiabsolut® meaning for those values.
Considering the relative meaning, it seems essential to compare the calculated reliability
of a passive system with, for instance, the reliability of an active system having the same
mission as the concerned passive system.

This is done irFigurel.2 and the densdotted area on the left (low probability region)

is derived: this region might resemble unreliability expected i BDBA or DEGB
situation (related discussion in other parts of this document). Within nuclear reactor
safety, a passive systesiould besides having lower costalsoshow a better reliability
figure of merit than an equivalent active system (a gdikesprobability distribution
might be considered for active systems, rather than a line): ircdbis, the passive
system constitutegvalid andacceptable substitute for the active system.

Optimisation of the design of a passive system

The reliability method, generating TM, Pahd the reliability line, may be applied to
address questions like the following onesq the reference systémiigurel.1,and let
us call system [A] the system which corresponds toréhi@bility line derived in
Figurel.2):

Figure 1.2. Reliability of the reference passive system and
comparison with reliability of an active system having the same
design mission

‘ TM = Target Mission
PM = Probability of Mission

TM = i. = Mission target (fiuly) achieved
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1 Is a newsystem(system [B]) designed with a higher (or lower) elevation of the
pool related to the core better in terms of reliability than system [A]?

1 Is a newsystem (system [B]) charactezit by two heat exchangers instead of
one better than system [A]?

1 Is a newsystem (system [B]) charactezts by larger pipe diameter connecting
the RPV and the HEX better than system [A]?

1 Etc., including combinations of the above.

The possible answer to (each) one of the questiande found ifrigurel.3.
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System [B] appears better than system [A] if no high weighting of high probability
region is adopted; otherwise (high probability region highly weighted) system [A]

appears better. Down to which PM value the system needs to meet a TM requirement

depends oiits role in the safety case.

Role of overall system modelling and of uncertainty in the prediction

The reliability and the uncertainty in predicting the performance of a passive system

alone may be different when the performance of an overall nuclear reactor system (the

nuclear power plahtequipped with a passive system is dealt with. Kigyations are
depicted in Figurd.4 wherethe expected impact of uncertainty uptme reliability

prediction is visualied:

Figure 1.3. Reliability of the reference passive system and

comparison with reliability of a modified version of the same

system

TM = Target Mission
PM = Probability of Mission

TM = 1. = Mission targer (fully) achieved

PM = ] = Situation expeécted for

system operation
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The uncertainty in assigning a reliability value to any relevant scenaritisefor
system sketched Figurel.1,i.e.the passive system alone, moves the reliability

l i ne

from c uir2we (it ladows iddFiguaet RQwertical arrows

represent (small expected) errors associated with the evaluation of TM by a
system thermalydraulics code and horizontal arrows are associated with errors

in estimating PM.

The outcome of reliability analysis of the passive system embedded into the
overall reactor system (or theuclear power plapt.e.with all systems reacting;

in other terms the same analysis performed for the passive system alone is now

repeated with all other systems modelled), may rats=f to bedifferent from

cur vetheiné&bi abil i
the passive system into the overall plant needs to generate new, emergent

ty line

30

may

resul

behaviour due to (adverse) feedkmbetween the different plant sysie for a

set of missions (e.ghere are previously widentified cliff-edge effects).

The uncertainty in predicting reliability relevant scenarios for an ovenalear
power plantwhich incldes the system sketched kigurel.l1 moves the

reliabili

ty

0i rrigurel.4: vemicaldriows rdpmeserfi darge

expected) errors associated with the evaluation of TM by a system thermal
hydraulics code; in this case the same horizontal arrows are associated with
errors in estimating PM (not shown in the diagram).
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Figure 1.4. Reliability of the reference passive system and impacts
of uncertainty of codeprediction considering the passive system
alone and the passive system interacting with other systems in the

plant
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Note:l i ne filo is the reliability | inel2expected for the
Source: Courtesy of F. D Auria.
In reference td-igurel.4, itshouldb e not ed that reliability Ii
reliability calculation where the adopted computational tool is assumed to be without
errors (or fiperfecd) . The | ine A10 i s expected i n case
1 experiments are performed.
Furthermore, the | ines A20 to A40 need the
the Iine fi20 i s expected to be close to the
computational tool s The | ines systen(thand A40
nuclear power plait: l'ine A30 i s t haheoreliability originsof t he
(passive system alone embedded into the overall system) are consadered | i ne @A 40
the outcome of the analysis when uncertainty origins (related twvtrall system) are
considered.

An alternative, equally subjective discussion of these issues is presented in the following
paragraphs.

As mentioned abovehe reliability requirements foa system depend on its role in the
safety case. Typical failure frequencies for systems according to their role in the safety
case and based on their safety classification and caetyom, IAEA (20149, are

stated e.g.in ONR (2019. For convenience of discussion, we assume ttiexe are
suitable (groups of) sequences to which enveloping performance requirements for one
function and a frequency of occurrence value have been assigned. We further assume
only minimumperformance requirements (emginimum removed heat flow) although
maximum performance limitatia (e.g.maximum allowable heat flux to prevent
overcooling) will generally apply. Note that this may also include no operation of the
system in certain sequences.

For an active safety system, which is designed tdeptoagainst DBA sequences
Figurel.5 shows a conceptual illustration of its functional performance, excluding the
active failure modes. Here, we have assumed that the system is perfoomimgliy

for all sequences in nomhoperation, AOO and DBA, i.ever the design acceptance
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criterion, which includes somafety margin (see e.¢AEA [2008), and thereby well
over the actual performance requirements. For sequences less likely than PF, functional
failure of the system occurs.

Figure 1.5. Conceptual performance of an active safety system to
protect against DBA challenges and functional failure region

System performance measure

i normal
| operation

P, i ] !
~10° ~0.01 -1

Frequency/probability of occurrence per year

Source: Courtesy of F. D" Auria

The actual failure probability of an active system is generally dominated by the failure
modes of active components. We assume that there is no repair or recovery over time.
For one train, this means the system provides nominal service, and systenmfadnge
complete failure to provide the function. A target value (acceptance criterion) for active
failure probabi I3(ry)withacuallfadurepmbalaility in the rayd 1 0
of about 1& (per denang. Figurel.6 illustrateghis for a (lage) group of boundary and

initial conditions.

Turning to passivesystems, we can postulate that there are no active failure modes.
Importantly, system performance is no longer constant (mainly related to a lack of active
control systems) but instead a distribution over the system probability space, dependent
on the (prbability of) boundary and initial conditions. We assithe same scenarios

asin Figurel.6 anddo not consider time evolution. Assuming that system performance
will be determined with simulations and considering the impact of uncertainties, each
point onthe system probability space will be accompanied by a performance distribution.
We indicate this by variable ranges to represent an upper and lower limit. Again, there
will be performance requirements and acceptance criteria, assumed to be constant for
simplicity. The reliability target is assumed as®10
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Figure 1.6. Conceptual depiction of active system performance vs.
probability distribution for an active safety system

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

System performance measure

~-10% P 107 -1

System probability per demand

Source: Courtesy of F. D Auria

Figurel.7 illustratesghe resulting picture. For a system designed according to proper
specifications, performance will be above the acceptance criterion at least up to the
reliability target. If the passive system failure probability is (conservatively) determined
by requirirg that the lower range of system performance meets the acceptance criterion,
the passive system failure probability.g9= 10* will be the area as indicated in
Figurel.7. For passive systems, it is much more common that thisareedontiguous.

If for example, system failure is assumed if the actual performance requirement is
missed, the contribution indicated with different shading at aboiftn&éds to be
subtracted from fass

Transferring this insight to thgerformance of a passive safety system to protect against
DBA challenges and the functionalltae region analogously teigurel1.5, theresult is
shown inFigurel1.8. As the system, by assumption, protects against DBA challenges, it
needs to meet the acceptance criteria for those sequences (and in the AOO and normal
operation range). Note that the performance criterion in such scenarios may well be that
the system remias inactive. In the design extension region, this DBA safety system will
remain effective down to its failure threshold. There might be additional conditions in
the DEC region, where this system is effective or almost effective (differently shaded
region)
Figure 1.7. Conceptual illustration of system performance vs.
probability distribution for a passive safety system (for a certain
set of initial and boundary conditions)

System performance measure

~10* Py ® 10 ~1

pon

System probability per demand

Source: Courtesy of F. D Auria
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Figure 1.8. Conceptual performance of a passive safety system to
protect against DBA challenges and functional failure region
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Within the context of design studies, different variants of a (passive) safety system can
be compared regarding reliability and performance against acceptance criteria and the
most favourable option can be chosen. However, apart from fulfilment of acceptan
criteria, performance, reliability and uncertainty bands, other aspects such as price,
operability, etc. will play a major role as well.

Obviously, the more of the simplifying assumptions from the discussion above are given
up, the more complex will be the determination of passive system reliability. Both
performance requirements and acceptance criteria (and thus required safety margins) ca
be made specific to the investigated set of conditions. The next complication would be
to consideras failedonly those parts of a performance distribution which are below a
performance requirement. Finally, one might even consider the uncertaintyutistri

for the boundary and initial conditions.

An important aspect is also the time evolution of the system. For functional failures to
lead to system failures, the functional failure needs to be present for a certain duration
combined with sufficient intensity (undeerformance).

At a fundamental level, following IAEAZ0140), it is theoretically possible to define
the performance functiop 6f the system over the space of system parametérgich
follow partly correlated distribution functions) and the d@iravolution of the system,
ie.fy (X1, é ;n;X), and a requirement function X1, € ,,; X) over the same space.
Failure occurs during the time intervai,tif

nN A Almsp c 8P nl 6HO
Q "Qfd P o 1.1
( n Al OA (1)
Then the failure probability of the system is (assuming no recovery):
0(Q o AO A8 8A8 ( E8ID C 8IPHO (1.2)

1.3.5.0rigins of uncertainty andassociatedeliability

The origins of uncertainty in thermhbi/draulic code predictions were proposed early in
1998, B.Gard G Mi Galassi(1998, and later on spread in variopapers and
documents, see eD.0 A uk. etal. (2010. Namely, the origins of uncertainty are
connected with imperfect modelling (systematic uncertainty contribution that can be
grouped into epistemic uncertainty) and variations in the boundary conditions (which
have strong contributions from stochastic aoins, and are thus dominated by alpato
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uncertainty). In most situations, the aleatory group provides smaller contributions to the
overall uncertainty than epistemic contributions, which are often particularly dominated
by uncertainties and simplifications inherent in the models useds(p heat transfer
correlations used in system codes are claimed to reproduce measurements within an error
range of about +2® within the range of applicability). Methods to evaluate the
uncertainty are discussed in availaliterature; see also IAEA2009, and IAEA

(20144.

The eliability (of a system) and uncertainty (of a code prediction) must be seen as
differentconceptsThe reasons or the origins wfcertainties related fmassive system

can be found in papers discussing the reliability of passive systems, skdaigd., F.
D'Auria, H. Kazeminejad, HDavilu (2003; MarquesM., J. F.Pignatel, PSaignesF.

D 6 Au L.iBargazzi,C. Muller, C. BoladaLavin, C. Kirchsteiger, V.La Lumia, I.
Ivanov (2005 ; PaganiL. P., G. EApostolakis P.Hejzlar(2005, and NayalA. K., M.

R. Gartia, A.Antony, G.Vinod, R. K.Sinha(2008. Therefore, the origin afncertainty

shall be connected with the design and the operation characteristics of the passive
systems. A key differenaeith the origins of uncertaintig thatno epistemic or aleatory
type of unknowns is distinguished; rathertgraeter rangethatcharacteris the design

of the passive systems are involy&dblel.1.
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Table 1.1. Origin of uncertainty and of reliability: Sample list of
quantities affecting reliability and uncertainty analysis of the
reference passive system in Figurg. 1

UNF:ERT'I;IEJJN RELIABILITY
No | QUANTITY IDENTIFICATION Passive | wer plant| FasSive System NOTES
System | " . Design
o with Passive oo
©) System(®) )
1 Pressure X Aleatory, e.g.nominal +#
0.8%
2 Pressure X Range*, e.gli 10MPa
3 Core power X Aleatory, e.gnominal +f
10%
4 Core power X Range*, e.g[0.1-4]%
core power
5 HEX heat transfer coefficient X Epistemic, negligible
impact
6 Heat losses IQuiping X Range*
7 Counter current flow in core X Epistemic, if occurring
8 Two-phase critical flow X Epistemic, if occurring
9 KLossvarious locations of IC X Epistemic
10 | Krossvarious locations ofnuclear X Epistemic
power plant
11 | Partial closure of isolation valve X Not shown in Figurd.1;
range*
12 | Partial opening of IC valve X Shown in Figurd.1,;
range*
13 | Horizontal pipe inclination X Range*; irrelevant for
14 | Non-condensable gas in IC pipe X active systems
15 | Elevation of IC pool X Alternative passive syster
16 | No of HEX in the pool design optimiation, see
17 | Diameter of IC piping Figurel.3.

(°)Relevant to Figurel.4; (°°) Relevant to Figured.2 and 1.3; *to be specified by IC designer; expected for
operation of the passive system; range split in several regions; each region of the rmage&orrespond to a
probability

Tablel1l.1 has been built in order to clarify the differences between uncertainty and
reliability quantities, by providing examples of parameters belonging to each of the three
classes (columns three to five starting from leffhe table makes reference to the
system in Figurd.1 and to the expected results from reliability and uncertainty studies
given in Figured..2 to 1.4.

While not explicitly addressed in Table 1.1, some of the parameterssgftam
constituted by coupling two stable natural circulatiorsygtemsnaynot necessarilpe
stable This has been showm part based orexperiments conducted in PERSEO,
ATLAS and PKL Therefore, onnecting two passive systenfar examplehe IC given

in Figurel.1l with anintegral tesfacility representing a steam generatanich behave

in a stablemannerduring individual operation might lead to unstable operation. This

1Column3fRe |l i abi |l ity of pColansnidfUacersaintg df tbenmalt/draulicg n o
phenomena expected in the o;peEColuimn5didncentdintyt he passi v
of thermathydraulic phenomena expected in the operation of the passive system embedded into

the nuclear reactor (or tmeiclear power plant.0
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affects theability to assess theeliability of combined systemwithout experimental

data

1.4. Attributes of a reliability study

A comprehensive reliability study supported by uncertainty analysis is expected to
providethesemethodological approachésee also &ction 3.2.5%:

|l

to identify a full list of parameters distinguishing into three categories as given
in Tablel.1 (see Section 1.3.5);

to characterise the range of variations of parameters (seB @@ uF.i a
G.M. Galass{200Q);

to identify and to characterise the target of mission and the probability of mission
(TM and PM as introduced in Figute?), see e.gViarquesM. et al.(2005;

to derive the reliability lines (e.@s defined in Figures.2, 1.3 and 1.4) and to
identify as far as possible objective values for the system reliability which can
compare with the reliability of components of equivalent active systems;

to allow the comparison between a passive system and an active system having
the same target of mission, see also Fidu2e

to allow the optimisation of the design of a passive system, see also Eigure

to perform supporting uncertainty studies (as introduced in Fibdje see
e.g.lIAEA (2008.

Results from the reliability study may include diagrasushas those in Figurek2 to

1.4.

1.5. Structure and content of the report

In addition to introduction, conclusions and ancillary sections (noticeably foreword,
abstract and executive summary), the present report includes four main chapters and
threeannexes The rationale for those chapters and a brief outline of comtepptovided

below. In all cases, an attempt is made to avoid repetition ofiation already given

by recognied international reports. Extensive use is madeefdrences (e.glealing

with TH codes validation principles, procedures to evaluate the reliability of passive
systems and applications, lists of passive systems adoptbd muclear power plant
description of experiments and of uncertainty methods).

1

Chapter 2 aims at establishing the industrial and safety relevance of passive
systems. The interest of various countries in adoptiagdlated technology is
summaried together with activities completed or in progress by relevant
institutions,such a€£C, IAEA, EPRI, USNRC, WANO and WENRA other than
various NEA Committees(NSC, CNRA, etc.) within the framework of the
NI2050 initiative. Emphasis is given to established licensing or licensing
expectations for passive systemie results of a surveyuestimnaireprepared

within the framework of thergsent activity are summagid.

Chapter 3 presents the methods for the reliability assessment of passive systems.
To this aim the chapter is sulivided into two main parts: a) therraaydraulic
computational tools (both system codes and CFD codes and suitable methods to
estimate theuncertainty) used to characterishe transient performance of
passive systems, also mentioned as deterministic safety assessment (3SA) tool
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b) computational tools utiled to estimate the state (or scenario) for the operation

of the passive systems also as probabilistic safety assessment (PSA) tools: PSA
tools should noticeably include methods to search for the originrefiaipility

(OUR), to estimate suitable ranges of variation and to account for their impact
upon the probability of state of operation. PSA tools may need specific research
planning.

1 Chapter 4 deals with experimental research already performed and possibly
needed to calculate the reliability of passive systemswikedsfor the chapter
are lists and features of experimental facilities, scaling, suitability of experiments
to characteris the phenomena relevant to passive systems including
combinations of parameters ranges and database for the assessment of
computational tools needed for the simulation of the TH performance of passive
systems.

1 Chapter 5 aims at formulating suggestions to designers and operators as well as
to regulators to fix licensing constraints for the design, the operation and the
maintenance of passive systems. The point of view of industry stakeholders in
the technology opassive systems is primarily concerned in the chapter.

1 Annex 1 provides the answers to the sunayestionnaireand supports the
discussion and the findings in Chapter 2.

I The Addendum deals with the PERSEO Benchmark (the PERSEO test
progranmeis discussed in Chapter 4; an application of the benchmark database
for the calculation of theo-calledfiextreme cas@srelevant for the evaluation
of reliability of passive systems, is provided iecion 3.2.5).
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2.Sur wofeeyi s syisntgammc t 1 vi ti es

2.1.General aspects of passive systems

2.1.1.Presentation, terminology andlassification of passive systems

Passive safety systems have been in use in nuclear power plants to accomplish safety
functions without requiring an active power source for many decades. Many types of
systems are claimed as being passive by designers, varying from equipment composed
of structures such as static barriers to complex systems.

What is meant by a passive safety system? According to Rey&$2010: a passive

safety system provides cooling to the nuclear core using processes such as, natural
circulation heat transfer, vapour condensation, liquid evaporation, pressure driven
coolant injectionor gravity driven coolant injection. It does not rely on external
mechanical and/or electrical power, signals or forces such as electric pumps. This
meaning is in linevith the IAEA definition(IAEA, 2018, stating that passive features
arethose that take advantages of natural forces or phenomena such as gravity, pressure
differences or natural heat convection.

On the other hand, Davi€x (2014), recalls a passively safe facility as one that can be
safely shut down automatically without any operator intervention and without any
external power supply from the grid or from backup generators to drive instruments or
equipment.

IRSN (2018 describes passive safety systems as nucledaersgsthat are mainly
characteried by reduced reliance on active components for proper actuation; reliance on
natural phenomena (gravity, differential pressure, etc.) for proper operation; not
requiring support functions for proper operation; not requiring human intervention for
actuation and operation.

From the nuclear industry perspective, Westinghousdl@d® passive safety systems

for instance, are defined as systems that do not require actions to mitigatebdessgn
accidents, Westinghous2(18. Again, these systems use only natural forces such as
gravity, natural circulation and compressed gas to achieve their safety function. No
pumps, fans, diesels, chillers or other active machinery are used, except for a few simple
valves that automaticallglign and actuate the passive safety systems.

While astandardisd definition of passive systems is not currently adoptediclear
facilities, the IAEA(1991)definitionwill be referred to in the latter course of this report:
fieither a system which is composed entirely of passive components and structures or a
system which uses active components in a very limited way to initiate subsequent passive
operationo.

The fundamental design goal of the nuclear power plant passive safety systems is to
deliver a simplified and/or safer nuclear power plant design that complies with the latest
regulatory requirements and safety requirements. This should also result im&cono
savings comparing to designs based on active safety systems théhieconomic
competitiveness remains an open feedback, aspects like limited data on some
phenomena, reduced operating experience over the wide range of conditions, and smaller
driving forces comparing to activeafety systems, should be analysconsidering
feasibility of passive features. Benefits and disadvantages of the passive dyatems
been discussed Burgazzil. (2017).
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A wide spectrum of investigations and related documentation appear necessary for a
comprehensive description of the passive systems subject. A number of references are
called below; examples of additional important referencesUS8RC (996, ard
USNRC @007, and related to specific reactor conceftosic Z. et al.(2008; Ayhan

H., C.Niyazi (2016; Wang Y. et al(2016, and Xing J.,D. Song.et al., 2016.

A variety of nuclear safetyelated terms as applied to advanced reactors, distinguishing
four categories of passive safety systems, are identifiedAEA (1991 (IAEA
definitions accepted in this report):

A. Physical bargrs and static structures (epipe wall, concrete building)

Passive safety systems that operate under this category do not use any active
signal triggers, external power sources or forces, moving mechanical parts or
moving working fluid. Fission product barriers or static components of the
passive safety systemsich as tubes, supports and shields belong to this
category.

B. Moving working fluids (e.gcooling by free convection)

This category is characteeid by similar criteria as category A. However, in this
case, working fluid is allowed to move. Examples of safety features included in
this category are: reactor shutdown/emergency cooling systems and containment
cooling systems based on natural circulatiof air flowing around the
containment walls.

C. Moving mechanical parts (e.gheck valves)

This category is characteeid by: no signal inputs d@intelligence, no external

power sources or forces; but moving mechanical parts, whether or not moving
working fluids are also present. Accumulators or storage tanks and discharge
lines equipped with check valves are examples of safety features of this category.

D. External signals and stored energy (passiwecation/active actuation,
e.g.scram systems)

This category refers to situations when active and passiys of safety system

are utili,ed or have mutual interactions (same system or different systems).
Although the safety function is run through passive methods as described in
categories A, B and C, the process is triggered by an active, external signal.
PRHR, containment sump, gravity dacoremakeup tanks are examples of
systems that belong to this category.

2.1.2.Some concepts of passive systems

Several advanced wateooled reactor concepts implement passive safety systems, as
described in thdAEA (200%), TECDOG1624 Some of the most ralant design
concepts that utilss passive safety systems are the-681B, AR1 000, KERENA,
ESBWR, ABWR and NuScale power module designs. The following types of passive
safety systems are being proposed in the designs of passively operating nuclear power
plants for removing the decay heat after a reactor scram:

Gravity drain tanks

Under lowpressure conditions, elevated tanks filled with cold borated water can
be used to flood the core by the force of gravity. In some designs, the volume of
water in the tank is sufficiently large to flood the entire reactor cavity.
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Accumulator tankspre-pressuried core flooding tanks)

Accumulator tanks refill the RPV following LLBOCA and reactor coolant
system blowdown under medium pressure conditions (the core pressure drops
below the tank fill gas pressure). The tanks contain borated water psedsuri
with nitrogen.

Core makeup tanks (CMT, elevated tank natural circulation loops)

High-pressure injection core makgp tanks, filled with borated water, are called

in operation following transients where the normal makeup system is not
sufficient to remove decay heat from the reactor core. Two core-upatenks,
arranged in two parallérains, are designed to function using only gravity and
the temperature and elevation differences from the reactor coolant system cold
leg as the driving force at any reactor coolant system pressure.

Automatic eepressuriation system (ADS)

This system casists of depressugsion valves that enable the lower pressure

safety injection water to enter the reactor vessel and the core. It is activated by a

level set point in the core makip tanks. It ca be located above the presseris

or directly to the hot leg. In the latter case, if RPV pressure reducie to

atmospheric level, it allows gravity injection from the IRWST. In KERENA the

ADS might be triggered by the PPPT after a decrease of water level in the
downcomer. This eventually evolvéasnt o a | ong term cooling
containment sump recirculation.

Passive residual heat removal (PRHR) system

The PRHR susystemprotects the plant against upsets to the normal heat
removal from the primary system through the steam generatorsviged and
steam line systems. It &ctuated on low pressugispressure or level.

I n cont ailimgwatertstorage fank dRWST)

The IRWST serves the role of the heat sink for the PRHR system. The IRWST
water volume is sufficient to absorb (time) integrated core decay thermal power.

It is also used to condense steam from the autordepicessusgation valves

during reactor blowdown. Similar tanks in other designs might not be named
IRWST. In KERENA the flooding pools play the role of IRWST (the flooding
pools are heated up by the emergency condensers, condensing steam from the
ADS and provide water farore cooling).

Sump natural circulation

Reactor cavity space can serve as an additional reservoir of coolant for core
cooling in the LOCA event. Coolant lost from the reactor system is collected in
the lower containment sump until the reactor is completely immersed in water.
At this moment thesolation valves are opened. Core heat is transferred via
coolant boiling. Whié automatic depressustion system valves vent generated
steam into containment, density gradient is generated between reactor core and
sump reservoir and natural circulationvedter begins.

Containment cooling passive safety systems

The containment cooling passive safety systems include containment pressure

suppression pools, passive heat removal/pressure suppression systems and
passive containment spray. Suppression refers to condensing the steam after it
has been released from thénmary cooling system due to major break. In a BWR
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reactor type, suppression chamber or pool that stores a large volume of water is
called a wetwell. Containment passive heat removal/pressure suppression
systems incorporate an elevated pool as a heat sink. Steam released from the core
is vented in the containment and condenses on the containment condenser tube
surfaces to provide pressure suppressind cooling. Moreover, an elevated

pool provides a gravity driven spray (passive containment spray) of cold water
to provide additional cooling in a logd-coolant transient.

Some of the reactor types and the particular passive cooling systems used are listed in

Table 21.
Table 2.1. Examples of naturalcirculation based systems, IAEA
(199)
Identification Natural circulation based system
Advanced BWR-I| 1 Primary cooling system (isolation condenser)
(Japan) 1 Passive containment cooling system

1 Shutoff rods, liquid injection system, core make tank, reserve
water system, reactor vault
Spray cooling, air recirculation f@ontainment

CANDU (ACR-1000,
Canada)

Gravity driven water pool, isolation condenser, accumulator
AHWR (India) emergency core cooling
1 Passive containment cooling and isolation system

Advanced PWR (Japan) | 1 Steam generator, advanced accumulator, boric acid injection tg

1 Passive residual heat removal system, core rapkanks, automati

Advanced PWRi AP- depressurisation, accumulator tanksgémtainment refuelling wate
600 (Uhited Stateg storage tank

Containment sump recirculati@mdpassive cooling
Economicsimplified 1 Gravity driven cooling system, isolation condenser, autor
boiling water reactor depressurisation, standby liquid control system
(ESBWR, United State§ | §  Suppression pool and containment cooling system
L_ong .o_perating cycle 1 Gravity driven cooling system
simplified BWR 1 Suppression pool and containment cooling system
(LSBWR, Japan)
Reduced moderator 9 Isolation condenser

water reactor (Japan) 1 Passive containment cooling system

Simplified boiling water | T Gravity driven cooling system, isolation condenser, auton

reactor (SBWR, United depressurisation

Stateg 1 Suppression pool and containment cooling system
SCWR-CANDU I Core makeup tanks, reserve water tanks, passive moderato
(Canada) containment cooling system
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Table 2.1. Examples of naturalcirculation based systems, IAEA
(1997 (Continued)

Identification Natural circulation based system

Identification Natural circulation based system

1 Emergency condenser system, core flooding systpassive
pressure pulse transmitters

KERENA / SWR-1000 1 Separate suppression pools for steam directly from RPV and

German

( ) drywell, respectively, containment cooling condenser, dry\
flooding

WWER-640/107 1 ECCS accumulator and tank subsystem, SG passiverdreaval

(Russia) system, primary circuit untightening subsystem

WWER-1 000/392 I Steam generator passive heat removal system, passive subsys

(Russia) reactor flooding and quick boron supply, passive core catcher

1 Passive residual heat removal systems, core ‘mpkank
AP-1000 (Uhited Stateg | 1 Containment sump recirculation, passive containment co
system

1 Decay heat removal system; emergency core cooling sys

NuScale (Lhited State9 containment heat removal system.

Existing systems in theurrent designs can be classified into two large groups, IRSN
(2018: those that affect the core or the primary cooling system and those that affect the
containment. Although with slight differences, most systems operations, if applicable,
are similar in the different reactor technologies.

Within the systems that affect the core or the primary cooling system, the most
widespread systems, in their different variants, areetbeated gravity drain tanks
present in most designs consisting of a tank or pool filled with cold borated water, which
serves as heat sink pool for other passive systemd P, KERENA) or as a water
supply for a passive injection thatactivated at low pressurfigsoding the vessel in the
case, for example, of a LOCA by gravity forces {AP00, KERENA, AES2 006),

IRSN (2018; IAEA (1992); IAEA (1994; IAEA (2007), andNEA (1987).

The accumulators present a similar design to the current ones and thegpsygiems.
Tanks with pressurézl borated water inside, which inject water direablytite vessel
after a depressudsion of the primary below the threshold of their check valves (AP
1000, AES2 006, APWR+, ESBWR, HPR 000), IRSN 2018; IAEA (1992; IAEA
(200D); NEA (1987; andNEA (19891).

The core makeup tanksact as higkpressure injections as a result of water in the tank
which is kept at the same pressure as the cooling system (for example connecting the
inlet line at the top of the tank to the cooling system) so that they discharge directly into
the vessel when the vas are opened in the discharge line, establishing a natural
circulation inside where the cold water flows outside towards the vessel and the hot water
flows in the direction of the tank by means of natural circulation1AB0, AES2 006,
ACR-1000), IRSN 2018; IAEA (1992); IAEA (2001, and NEA(1987).

Thepassive residual heat removal exchangethe AR1 000, SCWRCANDU, AES
2006 and HPRL 000 designs (in the secondary side in these last two casd®) it
possibleto extract the residual heat through heat exchangers immersed in a pool with
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cold water (theelevated gravity drain tard¢ AP-1 000, or a tank in the upper part of the
containment at HPR 000) or through external heat exchangers outside the containment
(AES-2 006), where the water flows through natural circulation from the hot legs to the
steam generator inlet on the AROO or in a circulation loop on the secondary of the
steam generators at HPIRO00 and AES 006. Similar systems, applied to BWR
designs, are theassively cooled core isolation condensersKiBRENA, SBWR,
ESBWR and ABWRII projects, where the emergency condensers are immersed in
elevated gravity drain tankisat act as heat sink pool. Steam produceléoore reactor
flows inside the tubes and condendgeansferring the heat to the pool, returning the
water by gravity to thesteam drum into the RPV, IRSIRQ18; IAEA (1992); IAEA
(1999; IAEA (2001); NEA (1987, andNEA (19891.

In relation with the systems that carry out their mission over the containmepastiee
containment cooling systenfBCCS) extract the heat existing within containment, for
example after a LOCA, condensing the steam in the outer surface of external condensers
connected to a heat sink pool above the containment, establishing a natural circulation
between the condensersidapool and removing the heat inside the containment
(KERENA, ABWR-II, AHWR, AES-2 006, HPR1 000 and AP1 000) IRSN R018;

IAEA (1992; IAEA (1994; IAEA (2001); NEA (1987, and NEA(19890.

Other important systems are the containnpeassure suppression po@ESP) that are
extensively used not only in new BWR designs (ABWR, ESBWR, SBWR, KERENA
but also in PWR design(e.g.AP-1000). PSP reduce the pressure increase at the
containment following LOCA or steam discharge iril containment: the steam
produced in the core is forced to flow through large vent pipes ending submerged in
water pools; condensation decreaescontainment pressure IRSRD(L8, and IAEA
(1992.

Finally, a particular case ithat of the containment hydrogen combination system
consideredn the HPR1 000, AES2 006 and various other designs which are intended

to decrease hydrogen concentration within the containment atmosphere during severe
accidents through passive autocatalytic recombiners, triggered automatically with a
determned threshold, IRSN2018); IAEA (2001); NEA (1987, andNEA (1989h.

2.2. Thermal-hydraulic aspects of passive systems

2.2.1.Thermakhydraulic phenomena

The identificationand characteréion of phenomena expected during the operational
and accident conditions in wateooled nuclear reactors constitute a pioneering effort to
construct the current knowledge muclear thermahydraulic, e.gNEA (1987, NEA
(1999, andNEA (1996). Updated information about the same phenomena can be found
i n DO6R @01y fEd.], Aksan N. et al(2018)and AksanN. (2019. The large
majority ofthose phenomena (116 phenomena discussédkégn N. et al[2018) are
expected to occur in conditions relevant ftoe toperation passive systemA.
comprehensive description of dhe phenomena related to passive systemnseigond

the scope of this repomeaders should consider tbiged references.

In the absence of mechanically driven pumps, gravity determines the occurrence and the
evolution of thermahydraulics conditions, in particular natural convection in large
volumes and natural circulation in closed circuits occur.

Systems using natural circulation are focusetiereafter. More details can be found
IAEA (2012; D 6 K. Editog (2017)Vijayan P.K., H.Austregesila1994; IAEA
(200%); IAEA (2009, andldel'chik I.E. (1986.
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The stability of circulation (fluid velocities, densities, pressure drops, temperatures, etc.)
constitutes an additional key characieg phenomenon for natural circulation systems.
Related discussi@tan be found itNEA (1997, (this is the SOAR on BWRtability:

there is no surprise that most of unstable events and related studies BIBWVIR in
natural circulation conditions), A u r i aGalassi.{990) (dealing with a specific
unstable situation in PWdRandD 6 Au r i a (2B04)(varibus matural circulation
instability mechanisms are described).

2.2.2.Concepts related to natural circulation

Natural circulation (NC) systems are heat transfer systems in which the working fluid is
driven by natural forces (e.gravity, buoyancy) without the aid of any external
machinery. The heat source, heat sinkthe piping making up a continuous circulation
path are the essential hardware pfNC-loop, Figure 2.1. The heat sink is normally
positioned higher in relation to the heat source to facilitate the movement of the working
fluid aided by density gradients and gravity during the upward and downigavsl, f
respectively. Knowledge of the complex set of therhmalraulic phenomena taking
place in NC systems are of immense interest within the nuclear community in relation
to the design, operatiandsafety of nuclear reactors.

Figure 2.1. lllustration of natural circulation phenomena

HEAT SINK

B
Pe

HEAT
SOURCE

The working principle of NGystems shall be explained based on thdd¥@ shown in

Figure 2.1.Let us assume a steadtate condition where continuous circulation is
established through heat absorption and rejection at the heat source and heat sink,
respectively. Fluid density at locations A (cold side) and B (hot side) are denoted by
andm while H is the height of the N©op. Hydrostatic pressure at locations A and B

are defined as

Source: Courtesy of Christophe Herer

0 mC( (2.1)
0 mC( (2.2)

Sincem > m , thenO 0 which provides the driving pressure differential for the
operation of the NC system.

Three different modes of NC cooling exist that could be explained from the operational
perspective of the primary loop in a PWR. They are (i) single phase, (iphase, and

(iii) reflux condensation, respectively. Singtease NC occurs when theramsadequate
amount of fluid inventory in the primary loop. The fluid picks up heat from the hot core
causing its density to reduce as it rises up the primary, boug transfers the thermal
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power to a heat sink deted by a heat exchangarFigure 2.2(a). Inthe above example,

the steam generator acts as the heat exchanger. The fluid becomes dense after
transferring its heat and moves downward because of gravitational forces. Throughout
this process, the fluid remains in the liquid ph&smce the name singfhase NC.

Transition to a twephase NC occurs when the liquid inventory in the primary loop is
insufficient causing vapour bubbles at the heat sodrbere ighereforea liquid-vapour

flow to the heatexchanger (Figure2.2(b) and 2.2(c)and the flow is governed by
buoyancy and void fraction. thereflux condensation mode, the vapour gets condensed
at the heat sink and reverts back to the heat source.

Figure 2.2. Natural circulation modes: (a) subcooled water
circulation, (b) two-phase circulation on hot side, (c) twaphase
circulation, (d) reflux condensation

HEAT EXCHANGER HEAT EXCHANGER
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5] source [EIEEN

Source: Courtesy of Christophe Herer

Thefluid flow is established according to heating powesulting inanincreasen flow

with increase in heating power. In terms of limitations, it has to be stated that the driving
force in NC systems are lower compared to their forced circulation counterparts. The
system is very sensitive to any sudden changes in geometry like elimns, increase

or decrease in flow area where local pressure varies significantly in comparison to total
pressure, which is not the case for a forced circulation systente Wibidriving force

could be increased by raising the height of theldgp (refer to equations (2.1) and
(2.2)), this measure increases the space occupied by theod@nd may lead to a lower
resistance to earthquakes. Use of large diameter compoesuits in low specific mass

flux in NC systems causing a lower (maximum) channel power removal capability in
comparison with a forced circulation system of similar size. There is also the issue of
stability during operations in NC systems where changéeidriving force (buoyancy)
affect the flow which in turn affects the driving force leading to a system with self
imposed feedback. Thus, extreme care has to be taken while designing NC systems in
lieu of the above challenges.

2.2.3.Physical phenomena related to natural convection

While density gradient (buoyancy) serves as the primary mechanism responsible for
transporting heat gained from the source to the sink, this driver is balanced by another

important parameter dictating the design of natural circulation systems, the pdespure

(Y0). It is definedn IAEA (2012, as the fAdifference in pressur
i nterest in a fluid systemo. Pressure drop
geometry, state of the fluid, nature of the flow (laminar or turbulent), floteymaand

void content (for twephase flows), direction of flow, operating conditions (steady state
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or transient), etc. Mathematically, the pressure drop can be modelled with the following
componentsPod Aur i a, W17 (Edi tor) (

Yo YO YO YO YO (2.3)

WhereY0 Y0 Y0 hA T Y0 are pressure drop components due to skin friction (also
known as regular or linear pressure drop), singular or local, acceleration and gravity,
respectively. While friction and local pressure drops are irreversible (also called pressure
losses), acceleiian and gravity are reversible pressure drops. Therefore, when
considering the total pressure drop in a closed loop, pressure drop components are
limited to friction and singularities.

Friction pressure drop

This is caused by viscosity of the fluid almtal velocity gradient (e.dnetween no
velocity at the wall and the mean flow velocity). It is modelled using for example the
Darcy-Weisbach equation fgipe flow resistance (see eRyown G.0.[2012) as:

Y0 Al jcm$ 0O (2.4)

In the above equation, L is the length (m), W is the mass flow rate (kgisg, fluid
density (kg/m), A? the flow area (m2?) anfl the hydraulic diameter (m). Correlations
for friction factor (f) are described in detailibmminger K., FD 8 A u(20L7p(seealso
Umminger K. et al.[2019), function primarily of the rmaan velocity of the fluid
(Reynolds number) and, in casetwb-phase flow, the mass quality of the flow.
Assuming a circular pipe of diameter D (5 Pand friction factor modelled as f= a [Re]
= a [WDhA]®

(2.4a)

YO r 0 &

The constant b is usually betwedh25 and-0.20 for turbulent flows, therefore the
friction pressure loss can be considered as a parabolic function of flow and depends on
the pipe diameter with a power law arowid Thereforethe choice of the diameter
value is a key step in the design of a NC system as this will dictate the performance (and
cost) of the system.

Local or singular pressure drop

This occurs at locations with distinct geometrical changes such as expansion,
contraction, bending, branching, and in flows through orifices, grids, valves. Pressures
losses are due to vortices created upstream and downstream from the singularity. It is
modelled as

YO +7 j ¢ M (2.5)

Here K is the local (or singular) friction loss coefficient, which is distinctly defined for
each geometry and fluid phase. Typical values of loss coefficient can be found in
Idel'chik I. E.(1986).Each singularity (such as valve or bend) participates to the pressure
losses. The numbesf singularities should be reduced to the minimum for a better
performance of a passive system.

Acceleration and elevation pressure drops

Flow velocity variation leads to change the kinetic energy. With a constant potential
energy, the pressure of the flow has to balance change of kinetic energy so that the total
energy remains constant. Similarly, elevation variation implies a variatipatential

energy, which is transformed in kinetic or pressure energy. Accelerating fluid sees its
pressure drops. To respect the mass conservation, density or flow area change implies
velocity change. Bernoulli equatig¢see e.gBatchelor G. K[200() isthe starting point

to calculate the acceleration or gravitational pressure drops.
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For closed loop, there is no contribution of pressure or acceleration in the total pressure
drop, only pressures losses have to be considered. However, as acceleration or elevation
modifies the local pressure, their evaluation is needed to compare tleofdhcal
pressure to the saturation one and evaluate the potential phase change. As the fluid
temperature dictates the saturation pressure and is directly connected to heat transfer
(which performance is dependent on the content of void), there ar@lmirteractions
between all thermatydraulic parameters.

2.2.4.Typical example of system using natural circulation

Starting from Welander, seeg.WelanderP. (1967, a wide literature exists in relation

to experiments and models for natural circulation. As in the casplafnomeng
(Section 2.2.1) the imgrtance of the topic is recogeis herehowevera comprehensive
description of the available information and related technology is beyond theacope
this document. Interested readers may consldéwuria F., P. Vigni(Eds.) (990,
Misale M., F. MayingefEds.] (1999, IAEA (2002, Bousbia Salah A. et a{2010,
ICTP-IAEA, 2012 froceedings of an IAEA support@tternationafinatural circulation
cours® held several times), and Vijayan et al., 2019, in addition to the already cited
IAEA reports (see also the sketches and the supporting discgdstmin Figure.1

and 2.2) and to the summary hereafter.

Steam generators are used to remove core heat through natural circulation. However,
feedwater for the SG is required to cool or cool down the primary circuit. When no
external power is available, loss of feedwater follows and removal of residual power is
a stake. This mission can be achieved using passive systems. To this purpose, an
external cooling system can be linked to the secondary circuit of the steam generator.
This added circuit is isolated through isolation valves during normal operation, and is
used only in case of incidental or accidental situations.

When opening the valves in such a situation, steam will flow mvittne steam line, in

red in Figure2.3, and will condense when passing through the cooling tank: the heat will
be transferred from the steam to the water inside the cooling tank, which in turn will heat
up and start to boil. Focus should be given to the cooling tank water level: a stfficie
amount of water should be maintained inside to ensure system operability, especially for
an extended use. Once the steam has become fully liquid aftgrdmmdensed, water

will flow back into the bottom inlet of the steam generator and wiltdgorisedin the

steam generator tube bundle again.

In such a system, one can notice that the heat source (steam generator tube bundle) is
located below the heat sink (cooling tankhus, as described ineftion 2.2.3, this
geometrical configuration allows natural circulation inception, due to density gradient,
i.e. steam will rise whereas liquid water will fall. The core residual heat is therefore
passively removed (without any pump device/without anytédat supply) thanks to

this mechanism.

Once the natural circulation is established, the thermal driving head, caused by the
difference in density between hot and cold water, compensates the hydraulic resisting
force of the entire circuit. The following balance is established:
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The thermal driving head can be simply calculated using the difference in hydrostatic
pressurebetween the cold part (i.ehere the fluid is at the lowest temperature in the
system: inhe pool) and the hot part (iwhere the fluid is at the hottest temperature in

the system: the core):
Y0

‘00

The overall pressure losses are proportional to the square of the flow rate and therefore
they can be integrated into the Daldfeisbach equation. Engineers often use the

pressure loss coefficient (dimensionless), whickharacteses both friction loss and
local losses of a certain hydraulic system and which can be measured.

Y0

0

l') 7
C

G is the mass flowrate (kgfs?), which is constant (mass balance) when the flow area

does not changé. is a weighted average reference density (Rpimiich has tde

evaluated considering the actual density at each location where each contribution to

pressure drop is calculated.

These generic relations can be used for either a siingise flow or a twqphase flow,

but pressure drops and reference density are more difficult to evaluate and subject to

higher uncertainties in the latter

case.

If the temperature difference is small and if the flow is shpdlase, the density variation
can bdinearisedusing the Boussinesq approximation:

” ” X T ” uY

where - — (K is the thermal expansion coefficigietg.for an ideal gas:

"y .

“y
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The balance between driving and resisting forces can be rewritten:
S, O
I YYQQ o

The mass velocity (single phase with limited differences in temperatures) can be
evaluated as:

< Q0
® vy CTO

Although the principles on which the principles on which passive systems functioning
rely do not require highly complex physical models, the evaluation of the parameters
included in the models is subject to high uncertainGasculationtools such athermo
hydraulic system codes do not necessarily include multiple validations in the pressure,
void fraction and velocity ranges related to passive system operation. In addition,
unwanted phenomena such as instabilities or reverse flows have to be prediiidg r

by these tools, which is also another challenge. Among other thinggaittisularly
importart to model highly influential parameters properly. For example, as seen above,
regular and singular pressure drops have to be modelled accurately in passive systems
simulations, since they directly influence the behaviour of the system itself.

2.3.Reliability aspects of passive systems

2.3.1.Safety demonstration of passive systems

The safety demonstration for nuclear power plants of the next generation has to be
achieved in a deterministic way, supplemented by probabilistic methods and appropriate
research and development work. This welbwn general safety approach could be
consicered valid and applicable for passive safety system assesas&vdll. From that

point of view safety demonstration approaches should be considered practically
applicable to designs with passive safety systems. However, in some cases, specific
interpretition and understanding of particular phenomena may be required.

Passive systems development is accompdnjedtensive researcimto their reliability
assessmesgft thenational and international lewslIAEA, NEA and WENRA). There

are many publications presenting different methodologies for reliability evaluation and
specific safety issues. However, they are mainly related to safety function performance
once passive systems are actuated. It should b&aned that in the safety assessment,
the main stages important for the passive safety functions arimitiadisation (or
activation, or startip) and the safety function performance. These two stages should be
interpreted and assessed whenever possible and independently.

For passive systems type 8ection 2.1.2) thénitialisationis not relevant.

For passive systems using natural circulation and/or gravity of type B (without moving
mechanical parts), activation is based only on physical parameter changes. The reliability
of such activation should be demonstrated taking into account passive $ysterent

failure (e.g.design thermal power not removed) or functional failure (see below).
Comparative analyses with mechanical activation are needed.

For type C passive systems (with moving mechanical parksy element is the use of
check valves and relief/safety valves and their activation due to unbalanced system
forces in the process (static pressure in check/relief valves, hydrostatic pressure in
accumulators). Theequirementsor safety assessment need further clarificatitaiéng

into account important uncertaintiesg.associated with the small driving forces.
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For passive systems type @urrent practice seems to be applicable. However, there is

an additional requirement for fone way mover
actuation. This requirement for Aone way move
be a subject of additional disgsions and clarifications.

Further, the assessment of safety function performance requires that parameters relevant
during the startip be determined. If a passive system is not able to readbfiored

nominal parameters, the safety function should not be considered as effective: this may
become important because passive sydistagup time is (much) longer in comparison

with active system

2.3.2.Inherent and functional failures

In the current practice, the reliability of active safety systemaclieved by an
appropriate choice of redundancy. Furthermore, sound, robust engineering, following
relevant good practise high quality components, rigorous qualification, maintenance
and testing impact system reliability. We focus hereaftedegree of redundancthe
possibility of CCF andhe need for diversity. According to redundancy theory, system
reliability can increase theindependence of the redundant components or the identical
trains is assumed, see dAEA (1996. An important hypothesig the deterministic
safety approach is the single failure criterion (SFC) application in system design and
accident analyss (related discussion in IAEf99€4). A single failure is a random
failure (and its consequent effects) whistassumed to occur at the worst detrimental
time in addition to an initiating event and its consequences. It could be:

An active failure related to a change in the operating mode of a component or its
part;

A passive failure, which results from the loss of the component integrity or the
clogging up of a flow path.

The deterministic approach postulates an SFC in the DBA analyses. BDBA with failures
conditiors could be postulated and an&gisas well with less levels of conservatism
(without SFC application).

The requirements underlying the single failure criterion are well developed for the
nuclear power plarih operation but the interpretation needs to be adapted to the designs
with passive safety systems.

Failures can have a common origin or other type of common factor. This type of common
failure is often referred to either as a common cause failure (CCF) or a common mode
failure (CMF). A CCF means dependent failure of several components or structures in
consequence of the same single event or failure (fire, flooding, earthquake, etc.). A CMF
is a common cause event where the multiple equipment items fail in the same mode
(maintenance, design, construction andterials). The minimaion of CCF or CMF
implies additional safety requirements such as diversity, physical separation,
independence, physical isolation, etc.

In passive systemdue to their design, mechanical failures are considered very unlikely
to happenseeNEA (2002, andMarques M. et al2005. Thus, the probability of failure

as a function of hardware failures of its components seems very low. After passive
system activation, there is no moving part or change of the state for safety function
performance to define stalled active failure, which is typical failure for active safety
systems.However the uncertainties involvetegarding the entire rang® possible
environmental conditions (some of which mag highly unlikely butexceed design
criteria) that a passive systarould beasked to operate under, miagrelatively larger

in comparison with driving forces, and it is possible that the loads will exceed the
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capacities, even if margins exist, thus causing the system to fail. Due to the existence of
these uncertainties, it ilemotelypossible that even if no hardware failure occurs, the
passive systermay not be able to accomplish its mission. In this case, a functional
failure or phenomenological failure said to have occurred, IAER@14). This requires
additional clarifications to precise how passive safety systems have to be interpreted
from deterministic point of view taking into account their speciiciThis mode of

failure and different methodologies for its interpretation in the reliabilityissudre

widely discussedin IAEA (2014); IAEA (2005; Juhn P. E. et al2000, and NEA

(2002, but there is no quantitative evaluation for this factor.

This raises the question of how functional failuoesild be considereds single or
common dependent failseAs long as there ihe possibility of commormode errors,

there will be inherent limits to the effectiveness of redundancy as a sdtutieliability
problems, IRSNZ018. In case obignificantlevels of dependence between redundant
parts, the effect on the system reliability could even be negative. Safety demonstration
therefore requires additional clarifications for passive TH safety sgsteeneffects on
reliability of these systems are not easy to handle. Adepth investigation and
guantification of inherent passive systems issues related to its functional failure should
be initiated.

Generally speaking, passive function performance, as defined above, depends on
environment, physical, nuclear, or chemical phenomena, and passive component
reliability. Logically, this leads to the need of comparative study between active and
passive safgt systems regarding safety benefits. There are many publications
interpreting different sets of critical parameters (the definition of critical parameters in
reliability analysis was introduced IyAuria F.,G.M. Galassi(2000: namely critical
parametershallenge the reliability of passive systems) which are direct indicators of the
functional failure of the passive system, as for example identifiddaypak A. K. et al.

(2008. These may include:

non-condensable fraction;

undetected leakage;

valve closure area in the discharge line;
heat loss;

piping layout;

heat exchanger fouling or plugged pipes.

Some similarity and duplication in the definition of passive failure of the component and
functional failure could be recogresl. Furthermore, scalled functional or
phenomenological failure could be recagui as important also for active safety
systems, for example pump cavitation or sump clogging.

Finally, the important safety issue is the credibility and capability of the plant systems
to perform the safety functions during the lifetime of the plant.

2.3.3.Maintenance, inspection and testing

Maintenance, surveillance andsarvice inspection have a common objective, which is
to ensure that the plant is operated in accordance with the design assumptions and within
the operational limits and conditions.

Many IAEA Safety Guides, IAEA199]); IAEA (2009%), and IAEA (2016, provide
recommendations and guidance to ensure that all SSC important to safety are capable of
performing their functions as intended during the lifetime of the plant. These safety
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guides should be considered valid for passive safety systems as part of SSC important to
safety. The safety guides do not give detailed technical advice in relation to particular
items of plant equipment. It is recoged also that not all equipment conditions and
failure modes can be monitored; however, predictive maintenance should therefore be
selectively applied where appropriate.

In general, for some TH passive system, because of limited redundancy, maintenance
and testing activities on passive systems could not be performed as in the active systems
with redundancy. Either this necessitates to design corresponding systems iwaych a

that maintenance and inspection are not needed before scheduled downtimes or it results
in a certain loss in the reliability of the safety function. In addition, system or equipment
location and accessibility could be an obstacle. Therefte, apprach for
demonstration thathe capability of passive systems to perform the safety functions in
the installation as built is an important safety issue as well.

2.3.4.Internal and external hazards

All safety objectives and requirements for external and internal hazards considerations
in the nuclear power plantlesign should be considered as valid for passive safety
systems as well. As discussed, the impact of uncertainties on the performance of the
passive systems is an important safety issue. It is especially valid for passive systems
based on natural phenomenech as natural @ulation or gravity, charactegd by small

driving forces. Because of these uncertainties, even if no hardware failures othe
passive system may not be able to perform its mission due to small modifications of
external conditions or tiny deformations of the system. So passive sg$teettonal

failure should be analgsl in hazard conditions as well.

The external events which can impact the facility have to be addressed in the safety
assessment, and it has to be determined whether an adequate level of protection against
their consequences is provideldEA (1997), taking into account post Fukushima
lessons leamnsee e.glAEA (20143.

Some components of passive systems could be located outside of the containment or
other safety and seismic classified buildings or compartments. Ughabg parts of the
passive systems ensure the connection to the final ultimate heat sink (UHS);
modification of design conditions of the UHS may impact the passive system
performance. This requires verifications of climatic conditions effects on pagsteens
performance.

The internal events or hazards that could arise in a facility have to be assessed, and it has
to be demonstrated whether the structures, systems and components are able to perform
their safety functionsinder the loads induced, IAEA9]). Some parts of passive
systems could be located in the containment building close to the location where the
initiating events happen (pipe breaks). This is specific in comparison with active safety
systems which main equipment (such as safety pumpsgaeealy locateéh separated
compartments and are independent from initiating event itself.

This requires more precise system assessnamiuding functional failure, against
internal hazardsespecially regardingamong other things

High-energy pipe rupture;

Pipe whip and consequences;

Pressure, temperature, radiation loads.
Taking into account passive systémensibility on the impact of uncertainties, other
possible issues such as the deformations within the passive safety system that could lead
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to the loss ofhe safety function as consequence of internal or external hazards should
be identified.

2.3.5.Reliability analyses

Concerning reliability, this analysis requires some specific approaches and conditions of
applications. Nevertheless, usual methodologies such as failure mode and effect analysis
(FMEA), see e.gBurgazziL. (2017, could show advantages and drawbacks when
applied to passive systems. Probabilistic safety assessment (PSA) integrates reliability
assessment and other knowledge into risk assesshietiie time this activity was
carried out therewas limitedreliability data and methodologies to take into acdo
passive system specificdara PSA.

Passive safety system designers generally view such systems as being more reliable than
active safety systems (fewer pieces of equipment, lower need for human intervention,
less dependence on electrical power sources, etc.). The failure probabilitysaotbysi
passive safety system, typically composed of static components, may seem less complex
than for an active safety system, which generally comprises a large number of
components. However, caution should be exercised regarding the real nature of safety
systems when, according to their designers, a passive system relies solely on natural
phenomena. Indeed, most of the time, these systems rely on changes in mechanical
equipment statée.g.valve open), actuation signals and battery power.

When evaluating the reliability of passive safety systems, it is important to consider the
difficulty in producing conclusive probabilistic safety assessments R 8particular

due to the difficulty of assigning failure probabilities to passive safety systems under all
conditions covered by PS$Aand to the lack of operational feedback on the reliability of
such systems under accident conditions. Specific development approaches appear to be
necessary in order to properly evaluate the reliability ofipassafety systems, with
particular emphasis on assessing the failure probabilities of thégdedulic
mechanisms used by these systems.

Passive systems are crediteith a higher reliability with respect to active ones, because

of the smaller unavailability due to hardware failure and human df@rever,a
nonzero likelihood remains regarding the occurrence of events leading to failure modes,
once the system comes into operation. Passive systems rely on natural forces and
physical principleghat can be affected by subtleviatiors from the expectedesign
configurations and operationabnditions which may impair the performance of the
system itself. The uncertainisnpactis discussed in&tion 2.3.2. The related remark
(Section 2.3.2) is especially applicable to passive systems involving moving working
fluids, due to thesmallengagediriving forces and the thermhydraulic phenomena
affecting the system performance.

Consequentlymanyefforts have been devoted mostly to the development of consistent
approaches and methodologies aimed at the reliability assessment of the TH of passive
systems, with reference to the evaluation of the implemented physical principles
(gravity, conductionetc.). For example, the system fault tree in case of passive systems
would consist of basic events, representing failure of the physical phenomena and failure
of activating devices: the use of TH analystated information formodelling the
passive systems should be considered in the assessment process. The efforts conducted
so far to deal with the passive safety systems reliability, have raised an amount of open
issues to be addressed in a consistent way, in order to endorse thegeagmsaches

and to add credit to the underlying models and the eventual reliability figures, resulting
from their application. Ifact, the applications of the proposed methodologies are to a
large extent dependent upon the assumptions underlying thedadbliemselves.
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For example, in the late 1990s, a methodology known as reliability evaluation of passive
safety system (REPAS) was developeébperativelyby ENEA, the University of Pisa,

the Polytechnic of Milan and the University of Rome in It&Auria F., G.M. Galassi
(2000.1twas | at er i ncor por ametlbdology fottheeeliaBiliyr opean Un
methods for passive safetynctions (RMPS) projectMarques M. et al(2005. The

RMPS methodology is based on the evaluation of a failure probability of a system to
carry out the desired function for a given set of scenatadéng into account the
uncertainties of those physical (epistemic) and geometric parameters the deviations of
which can lead to a failure of the system. The RMPS approach considers a probability
distribution of failure to treat variations of the comp@parameters considered in the
predictions of codes.

A different approach is followed in the assessment of passive system reliability
(APSRA) methodology developed at BARC, India. In this approach, the failure surface
is generated by considering the deviation of all those comparziegeneters, which
influence the system performanddayak A. K et al. 008. Then, the causes of
deviation of these parameters are found through root diagridsigation in such
physical parameters occurs only due to a failure of mechanical components such as
valvesor controlsystems. Then, the probability of failure of a system is evaluated from
the failure probability of these mechanical components through classical PSA treatment.
Moreover, to reduce the uncertainty in code predictions, BARC makes use of the in
house experimntal data from integral facilities as well as separate test effect tests.

At the international levelthe IAEA co-ordinated a research projecalled fiNatural
Circulation Phenomena, Modelling and Reliability of Passive Systéai42008)
e.g.lIAEA (2005, and IAEA @Q00%), as well as another research projeeatled
fiDevelopment of Methodologies for the Assessment of Passive Safety System
Performance in Advanced Reactf(@0082011), IAEA 014. While the focus of the
former project has been the natural circulation and related phenomena, the objective of
the latter one was tdetermine a common analysiadtest method for reliability
assessment of passive safety system performance.

2.4.Relevant international activities related to selected passive systems

2.4.1.1AEA activities

The IAEA considers passive systems among the features desired in future plants.
However,the IAEA stressed the fact that adopting passive safety does not necessarily
correspond to improved safety in all cases, and the benefit must be carefully weighted
before a design choice is mad&EA (1992. Thus, a number of activities concerning
passive safety systems have been launched in the last three decades under the umbrella
of the Agency. An overview is provided in this section.

Aiming to achieve a desirable consistency and international consensus regarding the
terms used to describe advanced designs and their safety features, IAEA issued the
documenBafetyRelated Term®r Advanced Nuclear Plant)AEA, 1991). Noticeably,

the publication includes also a classification of passive systems incé&tegories
(Section 2.2) depending on spectrum of possibilities from passive to active, which is
commonly used nowadays. The report was followed in 1997 by the similar document
Terms forDescribing New, Advanced Nuclear Power PlaiiEA, 1997).

In 1994,an advisory group meetinAGM) on technical feasibility and reliability of
passive safety systems was held to discuss techmricblems, whichmay affect the

future deployment, the operating experience of passive systems and components and the
definitions of passive safety terms, IAE2996). In order to discuss the issues of passive
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systems in more detail, examples of systems/components were selected for each of the
categories identified in IAEA199]). Specific systems and components proposed for
different reactors were also discussed. It came out that advantages of passive
systems/components outweigh the drawbaCkmsensus was achieved about the need

to address:

i datacollectionand validation of passive systems/components
i integration of passive systems in the overall safety systems
9 regulatory requirements and safety demonstration of passive systems.

It was also highlighted that the reliability of passive safety systems is related not only to
systems/component reliability but also to physical pinegna reliability. This
emphasiss the importance of a deep understanding of relevant thibymadulic
phenomena and the paramount role of best estimate TH codes and specific PSA methods.

Thus, following the recommendation of the I WAIWR, the | A E A 6-srdin@ted

Research Pr oj e c t-hydragliB Rglationships fol Adganaad Water

Cool ed Reactorso was |l aunched in 1995 to pr
operation at international level in establishing a consistent séteomohydraulic

relationships, whiclare appropriate for use in anaiyg the performance and safety of

advanced watetooled reactordAEA (200]). The key activities performed within the

CRP included:

91 Preparation of internationally peer reviewed and accepted prediction methods for
CHF, post CHF heat transfer and pressure drop;

1 Establishment of a base of nproprietary data and prediction methddsbe
publicly available (ay.on the Internet): selected datasets have been made
available on the International Nuclear Safety Center (INSC) database maintained
by Argonne National LaboratorANL )%

The final reportalso includes a short summary of the relevant therhyaraulic
phenanena for AWCR derived from NEALO87); NEA (1989; NEA (1994; Aksan

N., F.D 6 A u(i996s and USNRC 198&), as well as information presented at two
IAEA Technical Committee Meetings (TCM), IAEAL9963, and IAEA Q000. A
recommendation from the projéovolvedthe needo carry oufqualification ofthermo
hydraulic codes and methodologies relying on BEPU analyses regarding very important
phenomena for AWCR with passi systems such as transition film boiling,
condensation in the presence of wtumdensable gases, natural circulataond heat
transfer in large pools. In the followingars,a special focus was put lijie IAEA on

natural circulatiorrelated issues.

Upon recommendat i oDevelapientaoha Shé&@ddic Plan fof an
International R&D Project on Innovative Nuclear Fuel Cycles and Power @lants
Kendall J., J. S. Chd@il999, IAEA organised a TCM orNatural Circulation Data and
Methods for Innovative Nuclear Power Plant Design2000, IAEA Q002. The
following aspects related twatural circulation phenomena were discussed:

9 Design considerations for development and deployment of innovative concepts
using natural circulation phenomena;

1 Computer codes and incorporated models for analysis of natural circulation
phenomena,;

2 ANL database is no longer available online.
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1 Experimental facilities and data for support of concept design and analysis.

Among the conclusions, additional analytical and experimental work was recommended
for the development of new and validation of current theimydiaulic and CFD
computer codes to address all the relevant conditions and phenomena of natural
circulation based innovative designs (elgw pressure, low driving heads, increased
effect of norcondensable gases, effect of buoyancy at low velocities). The need to
improve multidimensional capability of codes was also stressed. The role e§taige

tests of natral circulation systems to provide direct substantiation of their functioning
under the real plant conditions was pointed out. The meeting showed alsonidat a
rangeof analytical and experimental investigatiomas performed and were being
planned ilfmemberstates.

To foster international collaboration on the enabling techryotdgpassive systems that
utilise natural circulation,an IAEXA RP on fANatural Circulation Phe
and Reliability of Passive Systems thitise Nat ur al Circul ati ono was

Within the framework of in this CRP, the following tasks were identified:
I establish the state of the art on natural circulation;
9 identify and describe reference systems;
9 identify and charactersphenomena that influence natural circulation;
1 examine application of data and codes to design and safety;
1 examinethe reliability of passive systems that utdigatural circulation.

Results of taskneare summarisd inlAEA (2005. The publication documents the state
of knowledge in the following areas:

9 advantages and challenges of natural circulation systems in advanced designs;
local transport phenomena and models;

integral system phenomena and models;

1

1

9 natural circulation experiments;
9 advanced computation methods;
1

reliability assessment methodology.

The report includes also material from the IAEA training cours@Natural Circulation

Phenomena and Passive System in Advanced Water Cooled Reacters t ab |l i shed i n
2004. The last edition of the course was held in 20Mumbai (India), GCNERAEA

(2014, see also ICTRAEA (2012.

Results of taskwo are documented in a sewbreport issued in 2009, IAER00D).

The publication describes passive safety systems for core decay heat removal and for
containment cooling and pressure suppression of specific plant designs. Noticeably, it
includes crosseference matrices between phenomena identified in ttagle and
passive systems included in each of the reactor sgsievaestigated. Phenomena
identification took into consideration the information provided in the CSNI report,
AksanN., F.D 6 A u(t9B6x preceded byp'Auria F. et al(1993, modified according

to reactor types and passive systems identified inttask

A third document summaiizg the outcomes of taskur and tasKive was issued by the

IAEA, IAEA (2012. It contains also a detailed charactatisn of each phenomenon
identified in taskthreg including an overview foavailable models and the supporting
experimentatiatabaséor characteriation. In the publication the capabilities of thermal
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hydraulic system and CFD codes in predicting the same phenomena were evaluated and
the results from the application of the codes to the analysis of experimental data
provided. Furthermore, the document includes example cas€BHowhich simulate

the prototypical plant design, some analysis of the experimental data obtained, use of
these experimental data to help assessing the predictive capabilities of the-thermal
hydraulic system codes to model the phenomena that are occurring irpénamental

test facilities, and application to thmuclear power plardnalysis. Finlly, the RMPS
methodology, NEAZ002, and Marques et al., 2005, developed under the auspices of

t he Eur op e anFiftt BrammwoskPiogramine, EURATOMQ18, for the
assessment of the reliability of passive safety systems is presented together with some
improvement proposed after the conclusion of glegramme and an example of its
application to a PRHR system.addition,the APSRA methodologpayak A. K. et al.

(2008, and thre approaches based on generic P8¥etbped by ENEA (see Burgazzi
[20074, and Zio E., N. Pedroni[2009¢ mostly for the summarisedperformance
assessment of thesolation condensgr Similarities and difference among these
methodologies are discussed.

The assessment of the reliability of passive safety systems (and its integration into PSA)
is a crucial issue to be resolved beforesthe s t extenside use in future nuclear power
plants. The first effort to produce a working method was completed by ENEA,
University of Pisa (UNIPI) and Polytechnic of Milan (POLIMI): the method was
identified as REPA)'Auria F., G.M.Galass(2000, andJafari J. et al2003), in 2000

and adopted as a basis for the RMPS development. After this, different methodologies
have been set up even though there was no agreement on key aspects such as the
definition of reliability in a passive system. To promote the internationalpesation

on the topic, a new IAEACRP onDevelopment of Advanced Methodologies for the
Assessment of Passive Safety Systems Performance in Advanced Reastiarsnched

in 2008, IAEA @014, with the supportof the members of the CRBn natural
circulation. The objective was to determine a common method for reliability assessment
of passive safety systems performance. In carrying out this activity, special focus was
put on passive systems for advanced small modular reactors (SMRaskbieonducted

within this CRP were:

9 eaboration of requirements to the method of reliability assessment of passive
safety systems;

9 elaboration of a set of definitions for reliability assessment of passive safety
systems and their treatment by PSA;

1 validation of some existing methodologies using tests on the lL@Qraha
circulation loop, MisaleX997%);

1 development of a benchmark problem, and development and application of
efficient methods to mininseé the number of calculations needed for reliability
assessment of passive safety systems;

9 comparison of different methodologies for reliability assessment of passive
safety system on the benchmark problem of an isolation condenser of LWR,
developed by ENEA;

1 development of a framework for a databank of probability density functions for
process parameters.

The principal conclusion of the CRP is the clear need to obtain more data, especially
related to thermal hydraulics through additional development, testing and research. It
should be noticed that same conclusion was achieved also at the NEA/CSNI workshop
on passive system reliability held in Cadarache (FradBA (2002, presented in
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Section 2.3.2. Moreover, the consensus was that a more practical approach would be
very helpful for the robust design and qualification of advanced nuclear reactors. The
further promotion of international collaboration was suggested to be enhanced in order
to model the unique features of new reactors in key areas such as passive system high
degree reliability modelling.

Considering the above, thegwing CRPertitled Design and Performance Assessment

of Passive Engineered Safety Features in Advanced Small Modular Reéagtmised

in 2017 for whichlAEA (20183 shouldbe mentioned. The goal of the CRP is to develop

a common novel approach for designing passive engineered safety features specific for
SMR and offer methods or good practices for assessing their performance and reliability.
The CRP will also investigate hopassive safety system technology can be used and
retrofitted into the operating PWR or BWR atidbse under construction, IAERE18H.

In addition to the CRPs, in 2008 the IAEA supported the implementation of an
International Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO)
collaborative project (CP) oAdvanced Water Cooled Reactor (AWCR) Case Studies

in Support of Passive Safety SystetddEA (2013. The objectives of the CP were to
investigate natural circulation phenomena related to the selected AWCR systems, such
as:

1 sartupand stability of singleohase natural circulation reactor systems and two
phase natural circulation with immersed heat exchangers (AHWR, CARGM

9 theoretical and experimental studies on mixing and stratification in large water
pools with immersed heat exchangers (AHWR, APR+).

No additional relevant conclusion was achieved within this activity.

International benchmarks are an effective way to asbesmoehydraulic computer

codes versus experimental ddtactors, which can be addressedhy c |l ude Auser ef f e
analyses of code uncertainties, deficiencies in models, and needs for further experimental

work, IAEA (1996.

In this context an International Collaborative Standard Problem (ICSP) o@She
MASLWR test facility, IAEA 0143, andMascari F. et al(2016, was initiated and
supported by the IAEACRP on ntural circulation (2004), IAEA Z012. The ICSP
activity was started in 2008 and gesst, blind and open phases hdesn conducted.
Two different tests have been performed in the facility during the activity: 1) loss of
feedwater transient with subsequent ADS operation andtemgcooling and 2) normal
operathg conditions at different power levels.

2.4.2.NEA activities

Two relevant activities related to passive systems have been conducted under the
auspices of the NEA. An overview is provided in tbéction together with some
information about ongoing initiatives.

At the end of 1999, CSNI approved a proposal from WGRISK (fopmiecipal working

group5 [PWG-5]) to setup a task force to extend a survey proposed by VTT Automation
(Finland) concerning the reliability of passive sysseifihe nmain objective of the
guestionnaire was to map methods developed for passive systems based on thermal
hydraulics.

Following the conclusions of the survey, an expert workshop for the exchange of
information on the technical issues associated with assessing the reliability of passive
systems, regulatory practices and probabilistic safety analysis wassetyami2002

under the auspices of NEA/CSMIGRISK,NEA (2002. To strengthen the connections
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with other international activities, the RMPS projédarques M. et al(2005, and the
proposed IAEACRP on natural circulation (2004) were also discussed at the meeting.
Noticeably, in deriving the conclusions, it was observed that regulatory bodies in most
NEA member ountries did not have enough information to license a plant containing
passive systems, although those in which new plants may be built were closely following
developments.

Aiming primarily to improve the regulatory review and assessment of passive safety
systems by identifying good practices and knowledge gaps, and by sharing experience
and guidance, the NEA/CNRWGRNR agreed in 2015 to initiate a survey on
Regulatory Practice to Assess Passive Systems Used in New Nuclear Power Plant
Designs NEA (201b). The survey, addressing only fluid safety systems, is divided in

a first step dealing with passive safststems, which are primarily intended to cope
with AOO and DBA ,and a potential second step dealing with passive systems used for
mitigating DEC.

The questions covered the following topics:
requirements for passive safety systems;
testing and analys of passive safety systems;
regulatory review of passive safety systems;

commissioning and periodic verification testing;

= =4 =4 =4 =4

experience with passivaafety systems.

The first step of this activity has been completed but the issuing of the final deliverable
has been postpondEA (20183)°.

Lastly, in 2015 the NEA launched the Nuclear Innovation 2050 (NIZo&®tive, NEA
(201&), andNEA and IEA @015, which aims at advising to set global nuclear fission
R&D priorities and foster their implementation, and at identifying opportunities for
enhanced coperation. Passive systems are one of the topics included in theZpbfase
the initiative. The objectiwis to develop commonlyecognied methodologies and
produce necessary data to assess the performance and the reliability of suchesybtems
consider suitable safety demonstrations. The NEA NI2050 is in line with the last IAEA
CRP activities presented in Section 2.4.1.

Activities involve different NEA groups. The WGAMA is involved in the preparation
of the presenstate of art repor(SOAR), which constitutes the starting point of the
planned actions. Based on the conclusion and recommendation of this SOAR a follow
up project should be undertaken involving research osgoms, industries and TSO.
The WGRISK should review methodologies suitable to perform probabilistic safety
assessment of passive systems aiming to agree orintamationally shared
methodology. The meioned survey of regulatory practices performed within the
CNRA-WGRNR,NEA (20179), might have a link with this initiative.

NI2050 encourages also collaboration witlte IAEA, in particular with the SIR
Regul at or s 6 2088y).rinuthe future, Addifiond] interactions might be settled
(e.g.by NI2050 representatives) with WENRA/RHWG members who issued in 2018 a
Report on Regulatory Aspects of Passive SysMBsIRA (2018).

3 NEA (2018), https://www.oecdea.org/nsd/docs/indexcnra.htfnbt publicly available).
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2.4.3.0ther regional initiatives
Selected activities in Europe

Within Europe, several frameworksgansed within the European Commission (EC)
have been supporting activities related to passive systems over the last decades.

The purpose of NUGENIA (Nuclear Generationald Ill Association), one of the
Europearsustainable nuclear energy technology plati@®NETP) pillars, is to support

safe, reliable and efficient operation of nuclear power plants (existing or under
development), promoting collaborative research, developing dialogue sopmkcation

actions between stakeholders representing researchsatyams, academics, regulators,
industry, utilities or any relevant orgaait i on fr om t he finucl ear comm
official establishment in 2011, NUGENIA has achieved very important steps towards
the consolidation of its structure, the clarification of its vision, the deployment of its
strategy with a view to increasing its visibility and strengthening its capagtytade

an increased value of the research results as well as its position as a key player in the
field of R&D for Generation IandlIll nuclear reactors worldwide.

The NUGENIA Global Vision Documentissued in April 2015NUGENIA (2019,
provides a quite detailed description of the technical and scientific content of the
NUGENIA Roadnap previously issued, NUGENIARQ13, while addressinghe main
inherent R&D objectives, recalling their general scope and state of tha@dudutlining

the main R&D challenges in the medium and long term.

As regards the safety of passive systems, the document mentions the following points
that should be covered by collaborative or R&D projects on atenid orlong-term
basis:

9 credibility of passive systems activation and lagaito required capacity

1 safety and reliability assessment of the capability of passive systems to perform
the assigned function

1 dependence from external energy sourcesnitinlisationand execution of the
assigned functign

1 assessment of different phenomena that could lead to the loss of the assigned
function

uncertainties andafety margins associated with passive systems

methodology for the reliability evaluation of passive systems and its integration
into PSA

1 specific requirements fosevere accident management and emergency plan
preparedness.

The European Commission founded the developmerdliability methods for passive
safety functiong RMPS) within theFifth Framework Programe for Research and
Innovation Marques M. et al(2005, already cited. Based on an initial work performed

by ENEA, University of Pisa and Polytechnic of Milan, the RMPS methodology aims at
evaluating the reliabilit of passive systems characteddy a moving fluid and whose
operation is based on therstaldraulics principles. includesthe identification and the
guantification of the sources of uncertainties and the determination of the important
variables; the propagation of the uncertainties through theryahulic models and the
assessment of the therataldraulic passive system unreliability; and the intiigun of
passive system unreliability in the accident sequence analysis.
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More recently, two other projects related to passive safety systems have been proposed
by valious European orgardtions within the Framework Program for Research and
Innovation: theassessment of passive safety systéARASS and thepassive safety
systems for station blaokt (PASSBQ projects, but were not selected. Nevertheless,

the Europearlicensing ofSmall MOdular Reactord ELSMOR) project, devoted to the

safety demonstration of light watemall modular reactor§SMRS) including passive

safety gstems, has been recently launched.

As regards regulatory aspects of the use of passive safety syStasis European
Nuclear Regulators AssociatigVENRA), which is the independent association of
European national nuclear regulators recsgphifor establishing, implem&ng and
disseminating harmoresl nodel levels of nuclear safetissued a report, WENRA
(2018), that draws attentioto attributes of passive systems that are wodihsideing

with regards to safety in view of current regulatory practices in Europe. This report
reviews sora of the key features of passive systems with emphasis on the potential need
to provide the regulator with specific justifications.

Within the European Technical Safety Orgaation Network(ETSON), a working

group on passive safety systems has been recently created, which is focused on the safety
demonstration of such systems, in particular through the developmenid#lines
proposing a harmoresl approach for their safety assessment.

Selected activities ithe United States

Passive systems are operated by inherent physical laws such as gravity, heat conduction
and convetion and natural circulatioffhey are therefore considered more reliable than
traditional active systems because they do not rely on the availability of AC power and
continuous operator operatiolm addition,the passive system may eliminate various
support systems such as backup generators and result in lower cost and simplified
system.Thereforethe enhanced reliability at a low cost motivates the useasdipe
systems in advanced reactor designs. In the past decades, passive systems are used in
several reactor degis in the United States, efassive core and containment cooling
systems in the AB00, AR1000R, and economic simplified boiling water reactor
(ESBWR) reactor designs; and emergency core cooling system in the NuScale small
modular reactor design. Related documents are availabl€) SNRC (1998; USNRC

(201)); USNRC @014, and NUSCALE 2017.

Passive safety systems desigrie the United States industry can faeanmmarigd into
different categories:

A. Passive reactor core cooling system

Passive core cooling systems are used in various reactor desguding the AP
600pressuried water reactor (PWR), APOOOR and ESBWR. The purpose of the
passive coreooling systems is to ensure that the specified acceptable fuel design limits
are not exceeded. The passive core cooling system is intended to mitigate events such as
decreasgin reactor coolant system inventory and shutdown events. Examples of these
events include steam generator tube rupture;dbssolant acciderandloss of residual

heat removal during shutdown operations. The parameters that actuate the passive core
cooling system are typically pressuriser low pressure, presslois level, steantine

low pressure, containment high pressure, cold leg low temperature, and manual
actuation. Another type of passive safety system for core cooling is the emergency core
cooling system (ECCS) in the small modular reactor design. When activated, the
NuScde ECCS allows natural circulation flow by steam produced in the reactor core
that (a) exits the top of the reactor pressure vessel through upper ECCS valves into the
containment vessel, (b) condenses and flows down to the lower level of the containment
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vessel, (c) reenters the reactor pressure vessel through lower ECCS valves, and (d) cools
the reactor core by producing steam to continue the natural circulation process.

B. Passive heat removal systems:

Passive residual heat removal systems are used in various reactor designs including the
AP-600 PWR, AP1000R PWR, ESBWR, and NuScale small modular reactor. The
purpose of the passive heat removal systems is to remove decay heat from the reactor
core. The passive heat removal system is intended to mitigate events such as an increase
in heat removal by the sgedary system and decrease in heat removal by the secondary
system. Examples of these events include inadvertent openiagteim generator
poweropaated relief or safety valve, steam system piping failure, loss of main
feedwater flow, and feedwater system piping failure. The parameters that actuate the
passive heat removal system are typically steam generator low level, core makeup tank
actuation, automatic depressurisation actuation, pressusigter level, and manual
actuation.

C. Other passive safety systems:

Other passive safety systems include passive containment cooling systems for various
reactor designs in the AB00 PWR, AP1 000R PWR, and ESBWR. The purpose of the
passive containment cooling system is to limit the containment pressure and temperature
rise following desigrbasis accidents. The passive containment cooling system also
functions to transfer decay heat to the environment. The passive containment cooling
system is designed to mitigate events resulting from ruptures to piping in the primary or
secondary system. The system is actuated based upon containment pressure levels.

The use of passive safety systems for advanced reactors is encouraged by the US
regulatory agencytheNucl ear Regul atory Commi ssion (NRC).
views on passive safety systems are discussed in its pol&)MRC (98&). In the

policy, the NRC stated its expectations that advanced reactors will provide enhanced
margins of safety and/or use simplified, inherent, passive, or other innovative means to
accomplish their safety functions. NRC indicated that advanced reasignees are
expectedo consider highly reliable and less complex shutdown and decay heat removal
systems. As a result, the use of inherent or passive means to accomplish this objective
(negative temperature coefficient, natural circulation, etc.) is encouraged. In addition,
NRC noted the need to consider simplified safety systems to reduce required operator
actions and to facilitate operator comprehension, reliable system function, and more
straightforward engineering analysis. In December 2005, NRC approved the final design
certification for the AP1 000R, Schulz, 2006. This meant that prospective US builders
could apply for &ombined construction and operating licebefore construction starts

the validity of which is conditional upon the plant being built as designed, and that each
AP-1000R should be identical. The design has gone through several reviSmns.
30DecembeR011 NRC issued the final design certification amendment final rule for

its 19" revision and approved construction of the first US plant to usersededesign.

On9 February 2012NRC approved the construction of two new reactors at the Vogtle
plant,Unit 3 and 4. Two units were also being constructed at VC Summer (Usuitd 2

3), but construction was abandoned in July 2017 (four years after starting construction)
due to Westinghouse's bankruptcy, major cost overruns, significant delays, and other
issueslUSNRC @0193.

In parallel with the advanced reactor designs, research proggamere conducted in
these decades. The advanced plant experiment (APEX)) is a lowpressure integral
system test facility used for certification testing for the Westinghouse Electric AP
1 000R. The test facility was scaled, built and operated by Oregon State University in
Corvallis, Oregonin the United States. The APEX000 includes a complete 2 x 4
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primary loop with all of the APL 000R passive safety systems and safety actuation logic.
The reactor vessel houses a core consisting of a 1 MW electrically heated rod bundle and
a complete set of prototypic upper plenum internals. The ARPBBO passive safety
systems include two core makeup tanks (CMT), two accumulators, a passive residual
heat removal 31 (PRHR) heat exchanger, azomainmentefuellingwater storage tank
(IRWST), and a 4tage automatic depressation system (ADS). The facility isne-

fourth scale in height and operates at a pressupressure of 25.5 bar and a steam
generator shell side pressure of 20 bar. It has been used to conduct a wide range of hot
and cold leg lossf-coolantaccidents, main steam line breaks, inadvertent opening of
the ADS, doubleended direct vessel injection (DVI) line breaks, station blackout and
long-term natural circulationAbel K. C. et al.(2003.

The PurdudJniversity Multi-DimensionallintegralTestAssembly (PUMA) is operated

by Purdue University in West Lafayette, Indianajtgdd StatesPUMA is a lowpressure

test facility that has been used to simulate a variety of advanced SBWR thermal

hydraulic phenomena. It is a 1:400 volume scale test facility with a-ohadtinel core.

Current studies are aimed at gaining a greater understanding of BWR instabilities at low

pressure and low flow. This includes investigations of stpttansients with simakted

void reactivity feedback, condensation induced geysering, and flashing induced loop
oscillations. PUMA experiments will be used t
TRACE computer codeyang J. et al(2013.

OSU has also designed and giomcted an integral system test facility to examine natural
circulation phenomena of importance to small modular reactors. The OSU multi
application small light water reactor (MASLWR) test faciligtascari F. et al(2016,
simulates the MASLWR integral reactor design developed by Idaho National
Laboratory, OSU and NEXANBechtel. 14tube helical coil steam generator, an
internal pressuser, and a reactor vessel with an electrically heated core bundle
consisting of 60 heater rods. It operates at full qares (120 bar) and temperature
(590K) with a total core power of 700 kW. The helical coil steam generator has an
internal tube pressure of 14 bars. The MASLWR test facility includes a passively cooled
high-pressure containment with a scaled active heat transfer area and volume, an exterior
cooling pool, a steam vent valve system and an autordapcessugation system
(ADS). Studies being conducted include primary loop flow stability for sirzgld two

phase natural circulation, helical coil heat transfassessment of containment
performance during ADS and steam vent valve blowdown and benchmarks of the
RELAPS system code and the GOTHIC camt@ent code against test daMuScale

also teamed up with OSU to construct the NuStabggral system test facilitgNIST-

1) to vdidate NuScale reactor desigrhe layout of the facility is similar to MASLWR

with more components and instrumentation.

Selected activities in Asia

In India, the Bhabha atomic research centrBARC) has developed a specific
methodologycalled theassessment of passive system reliabiify SRA), for assessing

the reliability of passive safety systeniMayak A.K. et al.(2008) The methodology

first determines the operational characteristics of the system and the failure conditions
by assigning a predetermined failure criterion. The failure surface is predicted using a
best estimate code considering deviations of the operatingpters from their moinal

states, which affect the natural circulation performance. Once the failure surface of the
system is predicted, the cause of failure is examined through root diagnosis, which
occurs mainly due to failure of mechanical components. The failure prap#dilthose
components is evaluated through a classical PSA treatment using generic data. The
methodology has been applied on various passive systems using natural circulation.
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Other

Natural circulation activities have been performed with the support of experiments all
over the world including incountries and termfries not mentioned above
(e.g.Argenting Brazil, Canada, Chinaorea, Mexico, RussiaChinese Tipei). The

above spoteview cannot be considered a comprehensive and systematic state of the art
of worldwide relevant activities; rather it provides an ideatlt# typologies of
investigation and of the large interest worldwitkenatural circulation and passive
systems.

2.5.Main findings of international survey

In order to study theurrentnational practies, a questionnaire survey was initiated on
thermathydraulic passive system design and safety assessment ircovalied reactors.
The aim and the main findings ofistsurvey are summagdbelow.

The aim of the questionnaire was to collect informatiorcomen nationalpractices
regarding the utilistion, safety assessment and regulatory framework of passive
thermathydraulic systems. The scope of the questionnaire covered passive systems
dedicated to accident mitigation with water as working fluid and excluded severe
accident systems and Generatidh designs. Therefore, not every type of passive
thermathydraulic phenomena (e.gooldown in low power and shutdown operational
states when naturalrculation is present in the primary circuit loopspsaddressed in

the survey.

The questionnaire consisted of 12 questions in total and was circulated among the
WGAMA Group Members following the annual meeting of the WGAMA in September
2018. Answers were received from companies and cajfsons listed irrable 22.

Table 2.2. Organisations participating in the survey
questionnaire for passive systems

Organisation Country No
Bel V Belgium 1
Canadian Nuclear Safety Commission (CNSC) Canada 2
Lappeenranta University of Technology (LUT University) Finland 3
VTT Technical Research Centrekihland Finland 4
Institut de Radioprotection et de Sdreté Nucléaire (IRSN) France 5
Gesellschaft fur Anlagerund Reaktorsicherheit (GRS) Germany 6
HelmholtzZentrum DresdeiRossendorf (HZDR) Germany 7
Karlsruhe Institute of Technology (KIT) Germany 8
Nuclear Safety Research Institute (NUBIKI) Hungary 9
Italian National Agency for New Technologies, Energy and Italy 10
Sustainable Economic Development (ENEA)
University of Pisa Italy 11
Central Research Institute of Electric Power Industry (CRIEPI) | Japan 12
Nuclear Regulation Authority (NRA) Japan 13
Korea Atomic Energy Research Institute (KAERI) Korea 14
Korea Institute of Nuclear Safety (KINS) Korea 15
NationalCommission for Nuclear Activities Control (CNCAN) Romania 16
Institute for Nuclear Research Pitesti (RATEN) Romania 17
Nuclear Regulatory Authority of the Slovak Republic (UJD SR) | Slovak 18

Republic
Nuclear Regulatory Commission (NRC) United 19
States
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2.5.1.Conclusions from the analysis of the survey
The main conclusions of the survey questionnaire can be arisathas follows:

1. According to the answers received from the participants, currently no unified,
internationally accepted and applied definition exists regarding passive systems.
In some countries (Belgium, Finland, Itakprea andRomania) here is no
national or organetional definitionwhile other countries or orgaaisons have
their own definition of passive systems or adopted an internationally used
definition into their practe. It could also be concluded that in some countries
(Canada, Germany, Hungary atie Slovak Republig a definition exists for
passive components anghassive system is defined as a system which is built
up from these passive components. Noticeably in Japan, passive components of
safety systems are defined as equipment other than active components in the
requirement of single failure assumption, but ¢hisrnot a specific definition
for the passive systems. Generally, a passive system (or component) is
described as a system fulfilling its function without relying on the operation of
external sources (electric power supply, 1&C system, mechanical movement
etc.). In some countriese.g.Finland, Italy, Korea, Romania), where no
definition is available for passive system, the definition proposed by the IAEA
in TECDOC 626 or IAEA (199)), is applied. This document defines a passive
system agieither a system which is composed entirely of passive components
and structures or a system which uses active components in a very limited way
to initiate subsequent passive operationand a passivae compone.
component which does not need any external input tcatgder

2. There is a consensus regarding the need for specific justification for fulfilment
of requilements on passive systems, passive systems may play an important
role in advanced reactors; however, the current regulations have not yet been
fully prepared for the implementation of these systems in most of the countries.

3. Passive systems (or more precisely passive components) may be exempt from
single failure criterion in some countries (FinlaRdance an&lovak Republix
if the high reliability of these systems/components can be justified. In other
countries the regulations do not differentiate between active and passive
systems from this aspect, differentiation is made whether-sfront or long
term accident mitigatiois considered.

4. Passive systems dedicated to accident management are of high importance in
Gereration lll/IlI+ reactors. Although, passive systems are also applied in
currently operating Gemation 1l reactors, generally specific passive
components play an important role in accident mitigation, rather than the entire
system (an example is the Japanese BWR where passive systenilisach).

In some cases, passive therrhgtiraulic phenomena are part of the designs
(e.g.decay heat removal from the primary circuit and sjeal pool cooling)

and also passive hydrogen mitigation and core melt cooling systems are
mentioned as examples; however, the analysis of these systems is out of the
scope of the current survey.

5. Design or development of passive systems is generally out of the scope of
authorty and technical support orgaai®n (TSO) activities; however, they
may participate in the review and licensing process of these systems. Some
research institutes participating in the survey are involved in the design or
development of passive systems.

6. Operation of experimental facilities related to passive phenongemnt
common among the orgaations participating in the survey questionnaire.
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Currently there are operating experimental facilities in Finland, Germany and
Japan related to passive systems. Similarly to the aforementioned case,
regarding passive system design and development, authorities asdld@ 8
operate demonstration or experimental facilities at alll.

7. Several organations have experience in theramgidraulic assessment of
passive systems. Generally, system codes and in some cases computational fluid
dynamics (CFD) codes are used for this purpose. Detailed probabilistic risk
assessment of passive systems requiresnaplex approach and therefore
dedicated methodologies have been elaborated.

8. According to the answers, the main advantages of passive systems over active
systems are the following:

a) the operation does not rely on operators or active safety actuations,
b) there is no need for external power supply,
c) the reliability of the system is expected to be high.

The main challenges regarding passive systems are related to the safety evaluation
(including both thermahydraulic and probabilistic safety assessments) of these systems.

Currently there is no internationally accepted guideline on how to identify contributors
that may induce the failure of the systencluding failure modes and mechanisms
however, some failure modes are considered in reliability mekbgiés of passive
systems (e.gRMPS). In order to solve this issue, an agreement (addpth assessment

on a casdy-case basis) should be made and the results should be documented in a
guideline.

Current reliability assessments of passive systems (and components) generally use
reliability data dewed from generic sources (i.@pplied for active systems). Similarly,

to the identification of contributors inducing passive system failure mentioned above,
further effort (research) is needed to achieve consensus in this area.

2.5.2.Summary of answers

The aim of thishapter is tesynthesse the answers received for each question on a case
by-case basis. The passive systems of interest in this survey are the passive systems
devoted to accident mitigation. Therefdpassive systetris synonymousvith fipassive

safety systemisin this questionnaire.

Question 1

Do you have any definition in your orgaaiion on passive systems (eag.stated in
your national nuclear regulations)? If yes, please provide the definition. If no, please
provide a definition on passive systems that could be appropriate in your view.

In Belgium, Finland, Italy , Korea andRomaniathere is no nationgtegulatordefined)

or organigtional definition on passive systems. Howeverfiimand (particularly at

LUT University), Italy, Korea and Romania the definition proposed by the IAEA in
TECDOG626is applied. InBelgium (Bel V) there is no definition of passive systems,

but a definition is proposed in accordance with the European UtiliguiRaments

( EUR) a s : whithais essertidlhesetfontained or seléupported, which relies
onnatural forces, such as gravity or natural circulation, or stored energy such as batteries,
rotating inertia and compressed fluids or energy inherent to the system itself for its
motive power and check valves and raytling powered valvés In Finland, besides
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referencing tor ECDOG626by LUT University, a definition is proposed by VTT i&@s
system which operates and starts its function without external polwéRomaniathe

IAEA definition is applied at the National Commission for Nuclear Activities Control,
however the IAEA and the EUR definition is used at the Institute for Nuclear Research
Pitesti (and EUR is regarded as a more accurate one).

In Canada, the Canadian Nuclear Safety Commission does not have a definition of
passive systems, but according to the CNSC a passive component is a component that
functions without depending on an external input such as actuation, mechanical
movement or supply ofgwer. A CNSC proposal regarding the definition of a passive
system is as followsa system composed entirely of passive compobents

In France, theflJournal Officeld o fSeptgr@ber 2017 defines a passive system as a
fisystem fulfilling its function without relying on external sowcéhis definition is not
included in the nuclear regulations, but it was established to support nuclear taxonomy.
According to the Frenclregulators, it shald be applied by French orgaaim®ns.

In Germany, the nuclear safety regulations (Safety Standards of the Nuclear Safety
Standards Commission, KTATA 3301, (residual heat removal systems of light water
reactory provide the following definition of passive componeriia: component is
considered to be passive if no operationdsded for it to function (e.gipes, vessels,

heat exchangers). Aut omat i ¢ fundionimgwitleouat texderngl power or
controls) shall be considered passive if their setting is not changed within the éxkmew
of the intended functial sequence (e.gafety valve, check valve).

The Government Decree 118/2011 Volume 168limgary defines both passive safety
systems and passive system components. The definition of passive system component is
as follows:fithose system components that provide their functions without moving parts,

or the change of their shape and character@stidscording to the definition, a passive
safety system igia safety system that contains passive system components and such
elements that do not require external power source or control to operate, theamincti

are executed by simple physical procegses

A passive component is defined as equipment other than an active compalagratrin
according to the document of the Nuclear Regulatory Authority (NRRA (2013).
fiActive componeni refers to a component that performs necessary functions actively
depending on an external input, such as actuation signals or motive power.

There is a definition of a passive component in the regulatory guide on single failure
criterionUJD (2019)in the Slovak Republic The guide definea passive component

as fia component, whose function does not depend oarradt input/initiation, as
e.g.initiation action (starup), mechanical movement or electricity supply. It has no
moving parts and fulfils its function exdively due to e.gchanges in pressure,
temperature or flow of media

In the United Statesthe US NRC does not have an official definition of passive safety
systems, but the definition in th&NS Nuclear Facility Standards Committee 2009
Glossaryis commonly used. According to the proposal of the US NRC, passive system
use only natural forces (e gravity, natural circulation, natural convection, differential
pressure) and require no continuous operating, electrically alternating current (AC)
power, mechanical components (such as pumps), but the passive systems may include
active compaents to a certain extent (epyrotechnieactuated valves, chesklves).
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Question 2

Do you consider that specific requirements are needed for passive systems? Do you know
of any regulatory requirements or guidelines for the design and/aatipe of passive
systems (e.gn relation to expected level of reliability)? If such a requirement or
guideline is available, please provide a description and/or reference documents.

In Finland, regulatory guideSafety Design of a Nuclear Power PISITUK (201%)

states in Section 346 théatvith systems, structures and components of considerable
safety significance, a safety assessment shall be carried out by an independpattthird
organisation. In the background memorandum, the Finnish Radiation and Nuclear
Safety Authority (STUK) gives safety systems with passive features as an example of
systems with new technology requiring independent thandy assessment. In the
preliminarysafety assessment of the Fennovoima nuclear power plant, STUK states that
fiexperimental substantiation of the functionality of the new passive systems is a
prerequisite for the approval

In France there are requirements regarding single failure criterion and aggravating
failure of hazards that are presented at Question 3 in more details.

In the past, many requirements were published for the assessment of passive systems in
relation to the reactor concept SWIR00 in Germany, but currently there are no known
specific requirements for design and operation of passive systems.

As per a suggestion of ENEA (ltaly), for licensing dedigisis events, passive systems
should be able to perform their safety function(s) independently from operator actions
and oftsite support for 72 hours after the occurrence of the initiating vestording

to the answer of University of Pisa, it is necessary to implement specific requirements
for passive systems.

CRIEPI in Japan gave a reference to the 2006 Edition of the Safety Assessment
Principles (SAP) of the Office for Nuclear Regulation in thetéd Kingdomregarding
passive systems, but the 2014 Edition has already superseded thisv&rsiaelevant
sections of the documents are EKP.5, ENM.6, ECV.3, RW.5, and DC.5. According to
the answer received from the NRA, there are no specific requirements for passive
systems in Japanese regulations. For the design of safety systems, it isl tecgrisire

and maintain safety functions as required according to the importance of these safety
functions, regardless of whether they are passive or active.

In Korea a safety review guidelingppendix 10.4.2 was developed in 2012 review
the passive auxiliary feedlater system (PAFS) of the APR+ reactor design.

Romania does not have any regulatory requirement or guideline for passive systems;
however, the respondents consider having one as a necessity, since passive systems are
important means to fulfil the defengedepth concept and to provide important
contribution to the safety of nuclear power plants.

In the Slovak legislation related to nuclear installations, there araireetents
incorporated to utilis the use of passive systems and/or passive safety characteristics
due to their advantages. The level of their application hae o agreement with the
safety concept of the facility for the entire operation and safety relevant lifetime.

4. R.A. Matzie and A. Worrally2004), TheAP-1 000Rreacto® the nuclear renaissance option
Nuclear Energy 43, 335.

5. http://www.onr.org.uk/saps/saps2014.pdf
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The US NRC classifies the passive reactor core and the containment cooling systems in
advanced reactors dsafetyrelated systems; therefore, these systems must meet
special requirements specified in the NRC regulations. The regulatory requirements and
guidance regarding passive safety systems include:

1 10CFR52.47(c)(2)

1 10 CFR 50.43(e)

1 Appendix A (General Design Criteria) to 10 CFR Part 50

1 Appendix B(Quality Assurance Criteria) to 10 CFR Part 50

Concerning the safety analysis report, for nuclear power plants with passive safety
systems, there are additional requirements in 10 CFR 52.47(c)(2) which specifies that
the application shall address how the requirements inFR ®D.43(e) have been met
(e.g.design demonstration of safety performance, acceptable interdependent effects, and
sufficient data to assess analytical tools).

Either in all other countries there are no specific requirements regarding passive systems
or no answers were received.

Question 3

Do the assumptions considered in thermgdiraulic analysis for ifferent plant
conditions (i.eDBC 14, DEC 12) differ for passive and active systems with respect to
single failure criteria as well as maintenance activities? If yes, please specify the
differences.

In Canada,according to CNSC REGDQ2.5.2 (Design of Reactor Facilities: Nuclear
Power Plants) Section 7.6.2, safety groups must function in the presence of a single
component failure; however passive components may be exempt from this requirement.

In Finland, the regulatory guid8afety Design of a Nuclear Power PI&TUK (201%)

states in Section 448 thif the decay heat removal systems or their auxiliary systems
have passive components that have a very low probability of failure in connection with
the anticipated operational occurrence or postulated accident, the (N+1) failure criterion
may be applied tthose components instead of the (N+2) failure crit€ion

In France, according to the ASN Guide no. 22, Section 4.2.3.2. and 4.Zih&.active

single failure of an EIP shall be postulated when it is called upon, in short or lordy term
however fithe passive single failure of a component important for protection (EIP) shall

be postulated for the long term as from 24 hours after the event necessitating operation
of the EIP system As regarding the aggravating failure for hazafd$ie conditions

that, where applicable, enable the failure of certain EIP notetacdmsidered as
aggravating failures shall be substantiated. This can be the case for passive components
IP if their failure is highly improbabée

In Germany, KTA-3301 states that within the frame of DBA theréns need for the
consideration ofisingle failure criteria for passive components of the Ridigstem if

the requirements regarding the design, structure, choice of materials, manufacturer and
testability are fulfilled (in accordance with specifications that account for the safety
related significance of the respiee system parts)

Article 12-4 of the code on nuclear power plants and their locationJapan
distinguishes between the single failure of active and passive systems as fiows:
system having a safety function with a particularly high degree of importance, even if a
shortterm single failure of active systems is assumed, and even if @dongsingle
failure of an active or passive system is assumed, it is necessary to nedesighat
predeterminedsafety function can be achiev®dn the interpretation of this point,
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distinction is made betwedéshortterm and longermdregarding single failure criterion
and the boundary between them is e€24 hours. In shoiterm (i.e.DBC), only single

failure of an active systems is assumed, however, farterm (i.e.DEC), the guide
recommends assuming single failure of both active and passive systems.

According to theSlovaklegislation, the single failure criterion is equally applied to both
active and passive components. Nevertheless, failure of passive systems or components
is not necessarily considered within single failure criterion for such systems or
components that ardesigned, manufactured, checked and maintained during operation
at a specific higtguality level. The applicability of this assumptigmstbe justified for

the whole duration of the accident following the initiating event.

In the United States according toAppendix A,General Design Criteria, 10 CFR Part
50,asingle failure criterion is applied to active systems. For electrical systems in passive
safety systems, single failure criterion should be assured. For fluid systems in passive
safety systems, the active components in passive reactor core or contaioatiagt ¢
systems are considered for single failure criterion application wititelinexceptions
(e.g.SECY-94-084 allows a simple check valve to not be consideredifgle failure
criterion application where the check valve reliability satisfies the SECY guidance). The
passive reactor core and containment cooling systems are-édgd systems and
therefore their components must satisfy the NRC regulations faortenaince and in
service testing. For example, some testing is specified in the technical specifications and
other testing requirements are specified in the ASME Code for Operation and
Maintenance of Nuclear Power Plants as incorporated by reference FRLB055a of

the NRC regulations. It is anticipated that the majority of testing for passive safety
systems will occur during plant outages.

The regulations of all the other countries either do not differentiate between active and
passive systems regarding single failure criterion and maintenance activities or no
answers were received.

Question 4

Are passive systems dedicated to accident mitigation (or control) currently used/
planned to be used in nuclear power plant(s) in your country? If yes, please provide a
concise system description and/or available reference documents if available to share.

In ltaly , there are no nuclear power plants currently operating, therefore passive systems
are not available in nuclear installations in the country.

According to the answer froBelgium, turbinedriven feedvater pumps are used in the
nuclear power plardis a passive system (Belgium operates Gen. Il PWR type nuclear
power plants)However, thisystem cannot be strictly regarded as a passive system since
an external input (rotation of the turbine) is required in order to operate the system.

In Canada, calandria vessel rupture disks are designed in the CANDU type reactors to
provide a largairflow path from the calandria vessel to the containment to protect the
calandria vessel from the large pressure increase that can occur in the evenioafran in
LOCA (failure of a pressure tube). This rupture disk can be regarded as a passive
component instehof a dedicated passive safety systenRdmania, where CANDU
reactors are also operated (Cernaviidalear Power Plajta Boiler Makeup Water
(BMW) system isutilised. The system can refill the steam generators with water from
the dousing tank usingrayvitational force. The isolation valves of the system are
automatically opened when the pressure of steam generators fall below a certain value,
but the opening requires power supply.
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In Finland, the Genrll VVER-440 reactors in Loviisa utilés icecondensers in the
containment and the proposed new unit at Hanhikivi site (AE® type) has a passive
steam generator and containment cooling systekuihgary andthe Slovak Republig
similarly to Finland, VVER440 type reactors are operated, but instead of the ice
condenser, a bubble condenser is applied where ftstem mixture condensates in
water during LOCA conditions. There are also four hyactoumulators connected to

the core aa passive part of the emergency core cooling system. The cooling water within
these accumulators is under the pressure of a nitrogen blanket. If the pressure of the
primary circuit falls below the pressure of the nitrogen during a LOCA, the water is
injected into the core passively (due to the high pressure of the gas). The system is
separated from the primary circuit with check valveghb#Slovak Republic, two new

units of VVER440 are in the completion phase equipped with the passive systems
mentionedabove.Similarly, to Finland, two new units (AE3006 design version of
VVER-1 200) are in licensing phasektungary with steam generator and containment
passive heat removal system. The steam generators and heat exchangers placed within
the containment are planned to be connected to a -filkedr pool outside the
containment at a high elevation, thus enabling natciraulation in the system in
accidental situation.

In France,thermosiphons are used in the reactor coolant system as a passive component
and accumulatorareutilised as part of the emergency core cooling system.

German nuclear power plants daot utilise passive systems except from the gravity
driven insertion of safety and control rods into the core in case of power loss from the
rod drive mechanism. [Answer updated by (Gernfiemjernal reviewersof the present
document:German PWR plants tilise gravitydriven insertion of safety and control
rods into the core in case of power loss at the rod drive mechamsdmrhydre
accumulators pressueid by a nitrogen cushion as a part af BCCS. German BWR
plants utili® hydreaccumulator driven insertion of safety and control rods into the core
in case of demand and the wkllown concept of BWR pressure suppression
containments].

In older (already closedlapaneseBWR reactorsgsolation condensgiC) systems and
ice-condenser systems and accumulators were used in old PWRs. Reegigplation

cooling system(RCIC) andhigh-pressurecoolant injection(HPCI) systems are also
applied, however these systems require the operation of tmjpéoated or aioperated

valves. The currently used passive system in PWR reactors besides accumulators is the
turbine driven auxiliary feedvater (TDAFW) system (it is planned to use advanced
accumulators with fluidic devices in the PWRS).

In Korea, the passive auxiliary feedvater system(PAFS) of the APR+ reactor is
designed to remove decay heat using gravitational force until the residual heat removal
system begins operation when the main feater system is inoperable and therefore it

is regarded as a dedicated passive safety system. The steam from a steam generator flows
into the passive condensation heat exchanger submerged in a pasdiesateooling

tank and the condensate goes into thenstganerator through the econoarisiozze.

Although the APR+ design has received the design approval from the Nuclear Safety
and Security Commission, there is no currently operating unit around the world yet.

The new Geaerationlll/lll+ reactors in theUnited Statesare equipped with passive
systems. ARS00, AR1 000R and ESBWR reactor designs incorporate passive core and
containment cooling systems. A passive emergency core gaylatem is planned to be
utilised in the NuScale small modular reactor according to the current design. Currently
there is no operating unit in thenlted Statesrom these designs, but two AFOO0R
reactors are in construction phase in tmtédl Statesind there are two operatingits

in China. Relevant information can be found in
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NUREG-1512Supplementor AP600 design
NUREG-1793 Supplement 2 for AP 000R design
NUREG-1966 for ESBWR design

NuScalefinal safety analysis repomrovided with thedesign ertification
application

= =4 =4 =

Question 5

Is design or development of passive systems in the scope of your current activities? If
yes, please provide a summary description and/or available reference documents.

Bel V (Belgium), CNSC Canada), VTT (Finland), NUBIKI (Hungary), University

of Pisa (taly), KINS (Korea), CNCAN and Institute for Nuclear Research Pitesti
(Romania), UJD SR Slovak Republic) and the NRCnited Stateg are not involved

in the design or development of passive systems.

LUT University in Finland is participating in the devebment of passive systems,
utilising experimental results (see Question 6 for details).

IRSN in France is participating in the NUSMOR project (NUgenia Small Modular
Reactor with passive safety features) to be proposed as part of the Horizon 2020 EU
framework programme.

In Germany, GRS as a TSO for the German governmesinot involved in design or
development of passiveystems;however,it monitois and review all respective
international developments. HZDR runs publicly funded R&D projects of passive decay
heat removal systems. According to the reference given by HzBRassive heat
removal system of a spent fuel pool and the passive decay heat removal system of the
GEN-I1I+ KERENA reactor design is investigated from design point of view. At KIT,

in the frame of research devotedngestigatingthe behaviourof Genlll (AP-1 000R)

and Geglv (SMR) reactors, they are focusing on core cooling and decay heat removal
systems.

The nuclear industry idapanis working on the research and development pdissive
containment cooling syste(RCCS), advanced accumulatoestc., for new reactors.

In Korea, various passive systems are being developed in the fields ofsaaige
pressuried water reactors and small modular reactors. Passive systkiols will be
implementedn largescale pressuresl waterreactorsarepassive auxiliary feed water
system(PAFS),passive containment cooling systéRCCS) andhybrid safety injection

tank (H-SIT). The operation of PAFS is discussed at Question 4; the PCCBeis a

safety system to depressariand cool down the containment building during design

basis accidents (DBA) and beyond desdigsis accidents (BDBA). The major cooling
mechanisms of PCCS are condensation heat transfer outside the heat exchanger tube and
natural circulathn inside the heat exchanger tube and the lar¢grwaol. HSIT can be

6. Information on the activities of IRSN in passive system design and development can be found
at  https://www.irsn.fr/EN/newsroom/News/Documents/IRSN_Passafetysystemsfor-
nuclearreactors_0192016.PDF

7. www.hzdr.de/db/Cms?pNid=393&p0Oid=45484

8. Information on the research results of KIT can be found in the papers of NUZBIBS
conference.

9. Information on the accumulator can be foundviHl, 2009 (MUAP-0700%P, the advanced
accumulator).
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pressuried equally to the reactor vessel througfipe, whichis connected betweenTs

and pressurex (PZR). As a result, the coolant is injected into the reactor vessel by
gravitational head of water. Regarding passive systems of small modular reactor,
SMART adopts a fully passive safety system composepastive safety injection
system(PSIS), automatic depressuaton system(ADS), andpassive residual heat
removal system(PRHRS), to satisfy the passive saf@grformance requirements,
i.e.the caphility to maintain safe shutdown conditions for a minimum of 72 h without
AC power supply or operator action in theseaof a desigihasis accidentMore
information can be founih the following references:

1 KyoungHo Kang, et al.,, 2012, fiSeparate and Integral Effect Tests for
Validation of Cooling and Operational Performance of the APR+ Passive
Auxiliary Feedwater Systein Nuclear Engineering and Technologyol. 44,

No. 6, pp. 114.

9 Ji-Han Chun, et a(2014), fiSafety evaluation of smalireak LOCA with various
locations and sizes for SMART adopting fully passive safety system using
MARS cod®, Nuclear Engineering and Desig¥ol. 277, pp. 138145

1 ByongGuk Jeor(2017), fiCodeValidation on a Passive Safety System Test with
the SMARTITL Facilityd, Journal of Nuclear Science and Technoldggl. 54,
No.3, pp. 322329,

ENEA in Italy, with the collaboration of SIET and Politecnico di Milano (POLIMI)

have conducted a series of experimental campaigns to support basic studies on the
bayonet tubes with the test section of HEROr'he test section consists of a couple of
bayonet tubes externally heated by electrical resistors. The conducted thydnaalic

tests allowed the creation of a valuable database both in open configumtied f
circulation to characters the heat exchange and to detect and quantify thermal
hydraulic instabilies of the bayonet tubes and in closed configuration so that the
performance of the natural circulation in decay heat removal could be evaluated. The
references to the research results are as follows:

1 M. Polidori, G. Bandini, C. Lombardo, P. Meloni, M. E. Ricotti, S. ZipA.
Achilli, O. De Pae, D. Balestri, G. Cattadori2@16, Design and execution of
the test campaign on the bayonet tube HzroomponentProceedings of
ICAPP16 International Conference, San Francisco, Californmtetd States
17-20 April 2016

M M. Polidori, G. Bandini, C. Lombardo, P. Meloni, M. E. Ricotti, A. Achilli, O.
De Race, D. Balestri, G. Cattadori (201Ratural circulation test campaign on
HERO2 bayonet tubes test sectjofProceedings of IAEACN-251-85
Conference, Vienna, Austrig;9 June 2017.

Question 6

Does your organiation operate any demonstration and/or experimental facilities
related to thermahydraulic passive systems? If yes, please provide a description and/or
available reference documents.

Bel V (Belgium), CNSC (Canada), VTT (Finland), IRSN (rance), NUBIKI
(Hungary), KIT (Germany), KINS (Korea), CNCAN and Institute for Nuclear
Research PitestRomania), UJD SR Slovak Republic) and the NRCWnited Stateg

do not operate any demonstration and/or experimental facilities related to thermal
hydraulic passive systems.
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LUT University in Finland operates several te$cilities, which can be used to
investigate passive systems and a dedicated facility for the demonstration of a passive
containment heat removal system, called PASI.

GRS inGermany doesnot operate test facilitiehowever it has access to numerous
component and integral tests within German and European research projetts like
NOKO facility at Research Centre Julidhe INKA facility at Framatome Technical
Centre Karlstein, PANAS at Forschungszentrum Dreftiessendorf, GENEVA at
Technical University of Dresden atide HeatPipe test laboratory at the University of
Stuttgart. HZDR operates the TOPFLOW facifityo test passivecooling system
components (e.COSMEA).

ENEA inltaly operated the PERSEO facility. The equipment is asitdlle experimental
facility aimed at studying a new passive decay heat removal system operating in natural
circulation. It was built at SIET laboratories in Piacenza by the modification of the
existingPANTHERS IGPCC facility. The main innovation of PERSEO facility is the
presence of two pools connected by a line with a triggering valve. The experimental
campaign was carried out on PERSEO in October and November 2002. Fivelshvake
tedswere performed to charactezithe main parameters of the facility and to verify the
correct operability of all the equipment. Afterwards four fultdesere performed to
characteris the thermahydraulic behaviourand the operation/performance of the
proposed design at different conditions. The facility is currently not in operation; more
information can béound inthe following sources:

1 R.Ferri, A. Achillie S. Gandolfi (2002RERSEO PROJECT Experimental Data
Report SIET 01 014 RP Q2

1 R. Ferri, A. Achilli, G. Cattadori, F. Bianchi e P. Malo(2005, fiDesign,
Whxperiments and RelapSode Calculations for thePerseoFacilityd Nuclear
Engineering and Desigivadl. 235, n. 1012, pp. 12011214

1 F. Mascari, A. Bersano, Rerri, C. Lombardo, L. Burgazzi (201®)escription
of Perseo TesN 7. prefared for theNEA/CSNI/WGAMA (2019, Stateof Art
Reporton ThermalHydraulic Passive Systems Desigmd Safety Assessment
SICNUG-P006029

At University of Pisa, PIPEFRONE test facility, scaled on General Electric BWR6 and
adapted to SBWHike design was used for experimental investigation oréhaviour

of systems simulating the main features ajravity driven cooling systerand of a
reactor pressure vesssblation condenseilhe facility is not in operation. Information
on thegravity driven cooling system and isolation condensam be found at the
following references:

1 R. Bovalini, F. D'Auria, M. Mazzini (1991)iExperiments of Core Coolability
by a Gravity Driven System Performed in Pitme Apparatuy Proceedings
of the ANS Winter Meeting, San Francisco (C&)15 November 1991

1 R. Bovalini, F. DAuria, G.M. Galassi, M. Mazzin{1997) AExperience in
Isolation Condenser Performance Gained by PHZBRHE Operation,
Proceedings of the International topical Meeting on Advanced Reactor Safety,
Vol. Il, Orlando, Floridal-5 June 1997.

KAERI (Korea) is operating various experimental facilities related to thetwdtaulic
passive systems in the two mdietds of largescale pressuréxl water reactor and small

10. www.hzdr.de/db/Cms?pNid=1003
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modular reactor. Regarding experimental féelli for a largescale pressurésl water
reactor, KAERI is operating ATLAS, PASCAL and CLASSIC. ATLAS is a lasgale
thermathydraulic integral effect test faity for evolutionary pressured water reactors
(APR-1 400 and OPRL 000). ATLAS facility has the following characteristics:

1 1/2 heightand length ratio, 1/288 volume ratio and 1/1 pressure ratio of APR
1 400reactor

9 the facility maintains a geometrical similarity with ABRIOO0 includingtwo hot
and four cold leg reactor coolant loops, direct vessel injection for emergency
core cooling water, an integrated annular downer etc;

1 the facility incorporates specific design characteristics of @PRO such as
cold leg injection and lovpressure safety injection pumps

1 the maximum power of the facility is 10% of the scaled nominal core power of
APR-1 400.

The integral effect tests have been performed bysiatyi ATLAS to develop new
concepts of passive safety systems including PAFS aSTHPASCAL is a separate

effect testfacility, which was constructed to investigate the condensation heat transfer
and natural convection phenomena in the APR+ PAFS. PASCAL uses a prototypic
passive condensation heat exchanger of PAFS and it has scaling characteristics of 1/1
height and 1/240 volume. CLASSIis a separate effect te&cility, which was
constructed for verifying the performance of the flow stability and lesadval capacity

of the PCCS system by carrying out a real scale experiment on the passive containment
building cooling system applicable to the IPOWER nuclear plant. Regarding
experimental facility for a largecale pressused water reactor, KAERI is operating
SMART-ITL (or FESTA). It is equipped with-frains of passive safety injection systems
(PSIS) and twestages of automatic depressatisn systems (ADS) together witbur

trains of passive residual heat removal system (PRHRS).

CRIEPI inJapan operates SIRIUSD facility (which is not dedicated only to testing of
passive systems) including a highessure and higtemperature test loop equippeidh
visualisation systems such asrdy, CT andsub channeVoid sensors making it possible
to conduct experiments for therrfajdraulic passive systems. The JAEA has performed
system effect tests with the LSTF facility in the progmaato ROSA/AR600, more
information can be found at the following reference:

1 KukitaY., T. Yonomotqg H. Asaka, HNakamura, HKumamaru, Y Anoda, T.
J. Boucher, M. G.Ortiz, R. A. Shaw, R. R.Schultz (1996) ROSA/AP
600testing: Facility modifications and initial test resylts Nucl. Sci. Technol.,
Vol.33, No.3, pp.25265.

Question 7

Do you have any experience or ongoing activities in the field of passive system safety
assessment (including therrdatdraulic and/or probabilistic analyses)? If yes, please
provide a list of tools, methods, computational code(s) used and a short descopti

your experience. Please describe whether these elements were specifically developed for
applications to passive systems and how they have been qualified for such applications.

In Belgium the CATHARE code is used to simulate natural circulation phenomena. The
code is used within the NEA ATLAS project framework aiming at the assessment of
the performance of passive systems ldafety injection tankgSIT) and passive
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auxiliary feedwater systefPAFS. Information on the analyses can be found at the
following sources:

9 Vlassenbroeck JA. Boushia Salahd. Bucaloss(2010),fiAssessment afatural
circulation interruption during asymmetric cooldowartsients ANS Nuclear
Technolgy Journal Vol. 172, p.179188(2010).

9 Bousbia Salah Al. Vlassenbroeck2013),fAssessment of the CATHARE 3D
capabilities in predicting the temperature mixing under asymmitriyyant
driven flow conditiong) Nuclear Engineering and DesigB65, pp. 469183

1 Bousbig Salah A., JVlassenbroeckndH. Austregesilq2019, fiExperimental
and analytical assessment of natural circulation interruption phenomenon in the
LSTF and PKL test facilities Nuclear Technologyol. 192

9 Bousbia Salah A.andJ.Vlassenbroeck2015, fiAssessment of CATHARE 3D
model in predicting the mixinghenomenon in a PWR reactor pressure vessel
downcomed, EUROSAFE2015

In Canadamanysafety analyses have been performed but none of them aimed directly
at passive systems dedicated to accident mitigation. However, these assessments
involved passive mechanisms such as natural circulation driven flow, passive heat
removal by heat capacitpf large bodies of water, buoyancy driven mixing of
containment atmosphere. The tools and methods used by CNSC do not differentiate
between passive and active mechanisms.

In Finland, neither respondent has experience in the field of passive system safety
assessment.

TheIRSNin Franceis participating in the current WGAMA project. The activities are
still ongoing, hence the results cannotdasenmarsedin the current survey.

At GRS inGermany, the AC toolbox is used for thermddydraulic analysis of nuclear
power plants which is comprised of the codes ATHLET (used for the analysis of the
thermalhydraulicsof leaks and transients), COCOSYS (containment code system) and
ATHLET-CD (used for core degradation calculations). Although these tools have not
specifically been developed to assess passive systems, they are permanently upgraded
and validated to enabléd use thereof in the field of passive system analysis. These
tools ae being qualified for application of passive systems by development and
validation projects. One example is the EASY project in whick #a3 been validated
against both single component tests of passive systems and integral tests (performed at
the INKA facility at Framatome Karlstein). GRS had already performed code validation
for emergency condensers, building condenser, passive prgasigee transmitter,
passive flooding pools and further activities concerning flow limiters, jet pumps, passive
containmat cooling are foreseen in the future. At HZDR there are several ongoing
national research projects dealing with model development and validation for passive
heat removal systems. The basis of these projects is the KERENA reactor concept with
emergency andontainment cooling systems. In-operation with Framatome and other
research orgasations and universities, the projects mainly focus on data provision with
high resolution in space and time for model development on component data and
numerical tool deelopment for the simulation of complete accident sequences using
passive residual heat removal systems. For model development and deterministic
analyses system codes (ATHLET, COCOSYS) as well as CFD tools (ANSYS CFX) are
applied. The current activities KIT are devoted to computer analysis of reactors like
AP-1000R and SMART using thermhldraulic computer codes such as TRACE. The
models include the evaluation of the SMART plant under transient conditions, where the
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passive residual heat removal systems of the SMART concept play a key role to assure
long-term core cooling function. It includes also the modelling and assessment of the
effectiveness of the helical steam heathanger located inside the reactor pressure
vessel as an innovative component of the different SMR concepts.

At NUBIKI in Hungary, the operation of the hydraccumulator system as the passive
part of the emergency core cooling system is modelled with the following codes:
MELCOR, ASTEC, MAAP, RELAPS5. Calculations were performed for the bubble
condenser (passive containment pressutaeaer system) using ASTEC and CONTAIN
codes (as part of the BCEQ T5 experimeftjletailed reliability assessment of passive
systems has not been carried out, but the Level 1 PSA model oNRalesar Power
Plantconsiders the failuref the hydreaccumulator system via the opening failure of
the check valves on the injection line.

Italy played an important role in the development of reliability assessment for passive
systems. The earliest significant effort to quantify the reliability of passive systems is
represented by a methodology known rafability evaluation of passive systems
(REPAS which was developed in the late 1990s in theoperation of ENEA,
University of Pisa, Polytechnic of Milan and University of Rome. The methodology was
later incorporated into thesliability methods for passive systefi®MPS EU project.
ENEA and University of Pisa also participated in the IAERP orfiNatural Circulation
Phenomena, Modelling and Reliability of Passive Systearsd fiDevelopment of
Methodologies for the Assessment of Passive Safety Systdorfance in Advanced
Reactore. The validation activity of best estimate thershgtiraulic systentodes is in
progress in ENEA. One activity is related to the validation of the TRACE code against
the phenomena typical of advanced passiv&ll modular reactofSMR) using the
experimental data obtained from the OBIASLWR facility. Another activity is
devoted to the validation of CATHARE code against the phenomena involved in the
behaviourof the typical passive safety systems of the SMR. The validation activity has
been conducted using the experimental database obtained from the SPES2 facility.
Anothervalidation activity has been performed in the framework of the NURESAFE EU
project, in which the PERSEO facility has been simulated using a coupled approach
incorporating a system code (CATHARE) for the whole facility and a CFD code
(NEPTUNE_CFD) for theoverall poo] where direct condensation of steam occurs
inside a largescale pool. The results show that the 3D CFD code can capture the
behaviourinside the pool with higher accuracy and improve the whole model of the
facility. Further information can bieund at the following sources:

9 Jafari J., F.D'Auria et al.(2003, fiReliability evaluation of a natural circulation
system bluclear Engineering and Desiga24, 79 104

1 Marques M., J.F. Pignatel et al. (2005, fi Mthodology for thereliability
evaluation of a passive system and its integration into a probabilistic safety
a s s e s sNodear EErgineering and Desi@85, 26122631

1 IAEA (200%), Passive Safety Systems and Natural Circulation in Water Cooled
Nuclear Power PlantdAEA-TECDOG 1624

1 IAEA (2012), Natural Circulation Phenomena and Modelling for Advanced
Water Cooled ReactorsAEA-TECDOG1677.

1 IAEA (2014, Progress in Methodology for the Assessment of Passive Safety
System Reliability in Advanced ReacidpEA-TECDOG1752

1 Mascari, F.F. De RosaM. Polidori, A.M. Colletti, A.M. CostaM.L. Richiusa,
G. Vella, B.G. Woods, K. Welter, F. D'Auria (2014jAnalyses of the TRACE
V5 capability for the simulation of natural circulation and primary/containment
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coupling in BDBA condition Typical of the MASLWR Broceedings of ASME
2014 Small Modular Reactor Symposiuvashington D.C., United States
15-17 April 2014.

1 Mascarj F., F. De Rosa, B. G. Woods, K. Walf G. Vella, FD 6 A u 20il&a  (
Analysis of the OSIWWASLWR 001 and 002 Tests by Using the TRACE .Code
NUREG/IA- 0466, USNRC, Udited States

1 Rigamonti M. (995, SPES2 Facility Description SIET Reprt 00183R192
Piacenza.

1 Cervone, A. 2015), Final report on the coupled simulation of the PERSEO
Facility using Cathare and Neptune_ CFDENEA Technical Report
http://openarchive.enea.it/handle/10840/7.304

At University of Pisa, tb identification and charactesison of relevant thermal
hydraulic phenomena related to advanced weteted reactors have been performed,
as can be witnessed in the following references:

1 D'AuriaF., M. Modro, F. Oriolo, K. Tasak@d 992),fiRelevanthermathydraulic
aspects of new generatithVR'so, J. Nuclear Engineering & Desigivol 145,
Nos 1&2, 1993.

T NNAksan, F .1990), &tatusr Report ¢n Relevant Thermal hydraulic
Aspects of Advanced Reactor Design https://www.oecd
nea.org/jcms/pl_16144Paris

T D6Auri a, F. D.Bebktioh G.M. Balassi-k Glaeser,Y. Hassan,
J.J.JeongP.Kirillov, C. Morel, H. Ninokatg F. ReventosU.S. Rohatgi,R.R.
Schultz, K. Umminger (2017) fiThermathydraulics of water cooled nuclear
reactorsi Chapter 6 Elsevier, Woodhead Publishing, Duxford ritéd
Kingdom).

T N. Aksan, F. D 2@18Y firhermathiydrauliG phanereeaa for
wat er cool ed JNucldaeEagineering and Desigviel 330, pp
166-168.

1 IAEA-TECDOCs 1203, 1474, 1624, 1677.

University of Pisa also played an important role in the development of methodologies
for passive system reliability assessment including REPAS and RMPS. Information can
be found at the following sources:

1 D'Auria, G.M. Galassi (2000Ylethodology fothe Evaluation of the Reliability
of Passive Systemdniversity of Pisa Report. DIMNPNT 420(00}rev. 1, Pisa
(1), Oct. 2000).

1 M. Marques,J.F. Pignatel et al. (2005, fiMethodology for thereliability
evaluation of a passive system and its integration into a probabilistic safety
assessmentBuclear Enginering and Design235, 26122631

Besides reliability assessment, extensive RELAP5 and CATHARE2 code validation
(e.g.on PIPERONE, SPES, PACTEL, PANDA, MSLWR test facilities) and advanced
light water accident analysis are in progress at University of RaSBWR,
AP600and AR1 000R).

CRIEPI inJapan conducts activities in the field of passive system safety assessment,
however the information is confidential and NRA does not have any experience in this
field.
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KINS and KAERI in Korea conducted thermalydraulic analyses to verify the
operability and heat removal performance of the PAFS of the APR+ reactor design using
MARK-KS code. The results were compared to the experimental data from PASCAL.
The flow rate and heat transfer rate &vealculated by a CFD code. Static and dynamic
flow instability were also assessed using a specific code developed by the Korea
Advanced Institute of Science and Technology.

In Romania, neither respondent has experience in the field of passive system safety
assessment.

At the US NRC in théJnited States TRACE, MELCOR and several other codes are
used to evaluate the thermtaidraulic performance of passive safety systems in support
of the review for nuclear power plants with passive safety systems. The experience of
NRC in the assessment of passadety systems can be categediss:

9 Passivereactorcore cooling systems: NRC has experience in various reactor
designsincludingthe AP600, AR1 000R and ESBWR. Another example is the
emergency core cooling system of the NuScale small modular reactor design.

9 Passive heat removal systems: NRC has experience in the analysis of residual
heat removal systesrof various reactor designscluding the AP600, AR
1000R, ESBWR and NuScale.

9 Other kind of passive systems: NRC has experience in other passive systems
such as passive containment cooling systems for various reactor designs
includingthe AP600, AR 1 000R and ESBWR.

Question 8

What do you consider as the most significant advantages, drawbacks and challenges
with respect to design, operation and safety analyses of passive systems if available to
share?

The advantages, drawbacks and challenges accordingetoeteived answers are
summaried below.

The advantages of passive systems over active systems:

1 Theoperationdoes not rely on operators or active safety actuations, but on the
laws of physics

External power supply is not required

High reliability i decrease in core damage frequency and increase in overall
safety

9 The ability to function in accidents including widespread plant damage that can
affect multiple support systems such as I&C, electric power supply system and
compressed air system

Reduced cost

Minimises the impact of severe accidents
Usually a simple structure

Diverse redundancy of active systems

Better publicacceptance

= =4 =4 =4 =4 =4

If the system is designed with consideration of the easesafririce inspection,
the dose on the staff can be reduced.
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The drawbacks and challenges of passive systems:

9 The number of redundant traiissusually reduced due to the high reliability of
a single train

9 The passive mechanisms typicallyyr@n small driving forces (e.fpuoyancy
driven flow) and therefore these phenomena mayubeevable to interruption
(e.g.the presence of necondensable gases) posing a risk of instability

9 Due to the low driving forces, the uncertainties have to be modelled within
thermathydraulic analyses and uncertainties have to be integrated into the PSA
models

1 Influence of aging has to be considered (ecgrrosion and deposit on heat
exchanger surface)

9 Harmonisition of definitions and requirements has to be carried out,
requirements for evaluation of passive systems have to be elaborated

Due to the need for operational tests, the human factor cannot be neglected

A reliability assessmemustbe carried out for many scenarios including normal
power operation, transients, accident conditions, as functional failure may
happen if the boundary conditions deviate from the design values

Inability/difficulty of functional testing during plant operation
Potential sensitivity to common cause failures

The determination of the influence of roandensable gases on the system
performance

Testing of the system

Safety evaluation of the system: regarding thermalraulic analyses, the
system codes have their limitatiofesg.in case of complex tube geometries) and
therefore code development and validation needs an extended database on
component level as well as for the simulation of whole accident sequences.
Experimens must provide local data (eftpw regime dependent@imensional

heat flux in heat exchangers tube) and integral data for heat removal
characteristics. Further investigations are needed to uaddrhe different heat
transfer models taking place under accidental conditions.

Determination of the number of required redundant trains

Determination of the reliability of a single passive system and the systematic
demonstration that the reliability of a passive system is higher than the reliability
of an active system designed to fulfil the same safety function and the
confirmation that th adoption of passive system in the safety strategy results in
an overall increase of safety level

9 Further challenges of passive systems can be foundeaiollowing source:
Burgazzi L. @01J), fAddressing thechallenges posed by advanced reactor
passive safety system performance assessmbluclear Engineeringand
Design Vol. 241, 18341841
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Question 9

Do you use a specific taxonomy for describing the failures of passive system components,
i.e. what types of components can fail and how? If yes, then please provide a brief
description of that taxonomy (component types and associated failure modes) and/or
some reference documents.

According to Bel V Belgium), the safety valves as passive components may not fully
open or fully close when required.

GRS in Germany considers two failure modeis classical failure due to physical
phenomena and functional failure (deviations from the expeb&dthviou). The
suggested methodologies for evaluation are RMPS and APSRA.

TheLevel 1 PSA othe PaksNuclear Power Planh Hungary considers the opening
failure of the check valve on the injection line of the passive hgdcomulator system.
Further suggestions include the consideration of thertial or completé lossof-water
inventory (e.gdue to maintenance error or initial event) from a tank or pipeline.

ENEA (ltaly) proposed to apply an approach based on the concept of functional failure
within the reliability framework of loagdapacity exceedance. The functional reliability
concept is defined as the probability of the passive system failing to achieve its safety
function as specified in terms of a given safety variable crossing a fixed safety threshold,
leading the load imposed on the system to overcome its capacity. In this framework,
probability distributions are assigned to both safety functional rexeint on safety
physical parameter (e.g.minimum threshold value of water mass flow required to be
circulating through the system for its successful peréamce) and system state(the

actual value of water mass flow circulating), to reflect the uncertainties in both the safety
thresholds for failure and the actual conditions of the system state. Thus, the mission of
the passive system defines which parameter values are consithhaicbdy comparing

the corresponding probability density functtoaccording to defined safety criteria.
Further information can be found at the following sources:

1 Burgazzi L. (2003, fiReliability evaluation of passive systems through
functional reliability assessmenfuclear Technologyl44, 145151

1 ApostolakisG., L. Pagani and P. Hejzla2@05, fiThe Impact ofuncertainties
on the performance of passive systeniclear Technologyl49 129 140,

1 BurgazziL. (2007, AThermathydraulicpassive system reliabilitlpased design
approach &eliability Engineering an®ystem Safet92 (9), 12501257

At University of Pisa there is no -mouse developed methodolodgr individual
components (e.gnechanical reliability of heat exchangehowever, some failures
(e.g.failure of valve) are considered in the reliability methodologies REPAS/RMPS.

Although no specific taxonomy is used at UJD SRthe Slovak Republic, it is
suggested to use the taxonomy described in the tAEEDOG1624.

In the United States some passive core cooling systems rely on large pyrotechnic
actuated (squib) valves to allow gravitsiven reactor core cooling to be initiated. These
valves require (1) sufficient electric current to activate the pyrotechnic charge, (2)
adequate capability of the pyrotechnic charge to open the valve and (3) acceptable
performance of the internal compane of the operating mechanism of the squib valve.
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Question 10

Do you use any reliabilitdata for passive systems (efgjlure to start and/or failure to
run or any other applicable failure modes) in any of your safety assessments? If yes,
please provide a description and/or reference documents.

ENEA from Italy proposed to use classical reliability databases as the following ones
for describing the reliability of mechanical/electrical components required to trigger the
passive system operation:

1 IAEA-TECDOGA478 (1988), Component Reliability Data for Use in
Probabilistic Safety Assessment

1 Mays S. E. (1982), Interim Reliability Evaluation Program: Analysis of the
Brown Ferry Unit 1, Nuclear Power Plant, Appendixd Gequence
Quantification. EG&199, NUREGO CR802, EG&G Idaho, July 1982.

1 Rasmussel. C.(1975),Reactor Safety Study: An Assessment of Accident Risks
in US Commercial Nuclear Power Plan®WASH 1400, NUREG/50014, US
Nuclear Regulatory Commission, Oct. 1975.

According toUniversity of Pisa, no generalised data can be etilighe data should
reflect the assigned system and the assigned target for operdienefore,further
investigation is required.

TheNRA in Japan uses reliability data for passivessgmcomponents in probabilistic
risk studes As an example, the failure probability of the check valve is mentioned as a
reliability data implemented in the assessment.

The answers frorRomaniareflect that for typéiCoandfi D gassive systems (based on
the categosation of the IAEA), the reliability data generally applied in nuclear power
plants can be used and therefore the results can be integrated into the PSA model.

In the Slovak Republic and Hungary generic dataare applied for passive systems
(e.g.reliability of check valves in the hydiaccumulator system).

In the United States the initial evaluation of the pyrotechractuated (squib) valves
relied on historical information of the performance of small squib valves used in other
industries; however, the applicability of that historical information has not been fully
demonstrate for the large valves used in passive core cooling systems. In adthtion
satisfying the NRC regulations for design demonstration of passive safety systems,
nuclear power plant applicants and licensees have specified the applafatiS&ME
Standard QMEL-2007 as accepted in RG 1.100 (Revision 3) for the qualification of
active valves in passive safety systems.

Question 11

Do the emergency operating procedures (EOPSs) used in your domestic nuclear facilities
contain any instruction to catalyse the performance of the passive system in case of a
system startip failure and/or to prevent the aggravating effects due to a pasgitem
malfunction?

In Korea, the EOP of the APR+ reactor prescribes that the opening time of the actuation
valve of the PAFS shall be at least 30 seconds in order to prevent the production of water
hammer in the system.

In Romania the emergency operating procedure APOP GO03 of CernaModbear
Power Planimentions the actuation of the BMW system but does not give any instruction
on the catalysation or actuation of the system.
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In the Slovak Republicthere is no specific approach incorporated in EOPs related to
passive systems, however if a system shall start to operate, the staff should check the
startup andi if necessaryi takes an appropriate action, regardless of the type of the
system (active or passive).

Passive core and containment cooling systems are classified asakfietg systems by

the NRC inthe United States Therefore, nuclear power plant licensees are required to
establish emergency operating procedures for the performance of components in passive
safety systems.

Question 12

If you have any further remark regarding therahgidraulic passive systems, please
elaborate it here.

According to CNSC Canada), the concept of dipassive systetnhas not been
adequately defined. They mention the primary coolant or residual heat removal system
as examples since they can function both in forced and in natural circulation mode, so
they can meet the definition of an active and a passiveray&io. However, it was
emphasied in the questionnaire that passive systems dedicated to accident mitigation
are investigated in this survey.

The use of passive systems is encouraged in Finnish legislation. Reggjaicey
fiSafety design of a nuclear power plhtstates in section 403 th@According to
Section 14(2) of Government Decree 717/2013, if inherent safety features cannot be
utilised in ensuring a safety function, priority shall be given to systems and components
which do not require a power supply or which, in consequence of aflpss/er supply,

will settle in a state preferable from the safety point of vdew.

The RSN in France states that natural convection plays a major role in many passive
systems, so the knowledge offishaviouiis the key to determine their reliability.

According to KIT inGermany, passive systems will play an increasing role in the
nuclear technology development hence research on this area is primordial.

According to the answer received from the NRA, it is important to ensure sufficient
driving force with reliability considering the design and theory of operation under
accident conditions regardless of whether it is passive or active. The nuclear imdustry
Japan states that if passive systems do not use active power components such as a motor
driven pump, the driving force is inferior to active systems, however if the driving source

is pressure or pressure difference rather than natural circulationtf@@assive system

can generate greater driving force than active pumps or fans.

University of Pisa inltaly suggested five points regarding the reliability of passive
systems as follows:

1 Reliability of thermaihydraulic phenomena may be independent from
mechanical reliability ofcomponents, whiclconstitute the passive system.
Thermaithydraulic instabilities may play a very important role.

1 A stable passive system may become unstable when the charactégsirgy
sources changes (eajectrically heated IC behaves differently from IC powered
by steam generators).

9 Interaction between passive (and active) systems may affect the reliability of the
whole system.

11. www.stuklex.fi/en/ohje/YVLB1
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1 Reliability of a stanealone passive system may be different from the reliability
of a complex system where the passive system is installed (reliability is not
characteristic of a staralone passive system). In other terms, any reliability
statement for atandalone passive system may reveal useless.

1 Any current wateccooled reactor may be considered as a passive system during
a (or even the entire) period of a DBA. In this situation the reliability is indirectly
evaluated by standlone calculations, however an overall value for reliability is
not conputed (this situation might be considered out of the scope of the passive
safety system concept).

Institute for Nuclear Research PitestRomaniasuggests that the validation of thermal
hydraulic codes against specific experimental tests simulating passive bgtanour
is required.

2.5.3.State of regulations, guidance and practices related to safety systems

The state of regulations reflected irthe aswessto the questionnaire (see@ion 2.5.2
and Annex1). More insights about regulations, guidance and practices can be found in
Chapter 5.
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3. Met hodssmtiloat ireolni aabsidleistsyhpas sy ® ¢ e ms

3.1.Overview of methods

In the performanckased design and operation of nuclear passive safety systems, the
accurate assessment of reliability (or, conversely, failure probability) is of paramount
importancee.g.Pagani et al.(2009; Marqués et al(2009; Jafari et al.(2005;
Thunnissen et al2007), and Fong et a(2009.

The intention to avoid immediate core dryout in case of LOCA along with the complex
set of physical phenomena that occur in a passive safety system, where no external
sources of mechanical energy for the fluid motion are involved, has led the designers of
watercoolednuclear power plastto place the heat source (itee core) location at a

lower elevation with respect to the main hsak (i.e.the steam generators and feed
waterinlet, in the case of pressuis and boiling water reactors, respectively). This
allows the removal of the decay heat produced by the core, should the forced circulation
driven by centrifugal pumps become unavailable, Bousbia Salah et al., 2010.

In this context, to describe the physical phenomena that may leadrtodiear power
plantfailure, complex mathematical models are to be built and subsequently translated
into detailed mechanistic computer codes for simulating the response of the system under
various operational transients and accident scenarios, including those of the passive
safety systems. This entails not only the realistic modelling of the structural/mechanical
components of the system with their material constitutive behaviodingpaonditions

and mechanisms of deterioration and failure that are anticipated to occur during the
working life of the system, but also the accurate modelling of the failure of the passive
safety systemsSchuellerandPradlwarter 2007).

In Section 3.2.1, the components and phenomena that need to be modelled for advanced
passive designs and whose codes require validation are introduSedtitm 3.2.2, the
applicability of the codes is addressed: codes need data for their validation (and
successive application) but the impossibility and huge cost of performing meaningful
experiments at full scale calls for the design of scdl®gn experimental tests that are
more feasible in developing aSectidnd@x2slessment d
based on this, codes have to be able to reproduce qualitatively and quantitatively the
physical behaviour of experimental test facilities of different scales full -scale
prototype condition and have to undergo a code verification and validatoass, as

the one described ineBtion 3.2.2.2, along witkhe qualification of the nodahsion
adopted for modelling the system, whose details are givBadtion 3.2.2.3; at the end

of the verification and validation process, a qualified frozen dedebtained and
distributed to the international codser community, ready for fuficale plant
application: capability and limitations of the code have to be documented by quantifying
the uncertainty in the predictions for figitale plant code application, as described in
Section 3.2.2.4; the capabilities of the code to deal with the prediction of instabilities and
the extrapolation of experimental results to-kdhle reactors, are discussedattion

3.2.2.5.

The caseby-case facilityspecific and unavoidable distortions preclude the possibility of

a direct application of the experimental results to thedtdile prototype: irSection

3.2.3 examples of code application for advanced passive reactors (such as SMR) are
provided.

In Section 3.2.4 the IAEA effort to address the above issues is discussed [International
CollaborativeStandardProblem (ICSP)]. An application of the PERSEO Benchmark
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database for reliability evaluation is outlined3ection 3.2.5 (Benchmark details in the
Addendum). InSection 3.2.6, open issues regarding the simulation framework are
discussedn Sections 3.2.6.1 and 3.2.6.2, in particular with respect to the coupling
analysis of CFD with systems codes and containment codes, respectively.

In practice, not all the characteristics of the system under analysis can be fully captured
in the model and, therefore, simulated by the code. Moreover, the uncertainties affecting
both the performance and modelling of passive safety systems are usuetiyarger

than those associated with active systems: for the reasons described above, this makes
the reliability/failure probability assessment of nuclear passive systems (much) more
difficult than for active system®urgazzi 0073; Burgazzi(2007h, and Burgazzi

(20079.

This is due to [see discussion $ection 3.3.1]: i) the intrinsically random nature of
several of the phenomena occurrirduring system operation (egpmponent
degradation; failures, or more generally, stochastic transitions between different
performance states); ii) the incomplete knowledgeualtsmme of the phenomena
(e.g.due to lack of experimental results). Thus, uncertainty is always present in both the
values of the model input parameters/variables (parameter uncertainty) and hypotheses
(model unertainty) (see e.gApostolakis £990; Helton (2004, and Zio(2006). This
translates into variability in the model output whose uncertainty must be estimated for a
realistic assessment of the system reliability/failure probability; seddelipn et al.

(20006; Zio et al.(20093; Zio et al. 009Y, and PourgeMohammad et al2010.

Approaches for the reliability analysis of nuclear passive systems are described in
Section 3.3.2: independent failure modes, hardware failure modes, functional failure
modes approaches are describe®antions 3.3.2.1, 3.3.2.2 and 3.3.2.3, respectively,
whereas inSection 3.3.3 the advanced Monte Carlo simulation approaches are
introduced. InSection 3.3.4, the existing eardinated procedures for reliability
evaluation are presented. Open issues are discusSedtion 3.3.5: this includes the
need of he identification by sensitivity analysis of the model parameters and hypotheses
that contribute the most to the output uncertainty, &ation 3.3.5.1, because playing

a fundamental role for uncertainty reduction in determining system failure, and the role
of empirical regression modelling that allow performing robust uncertainty propagation
and sensitivity analysis while reducing as mastpossible the number of input samples
drawn and the associated computational time, &eation 3.3.5.2. The cheahge of
including the reliability assessment of passive systems into the current Probabilistic
Safety Assessment (PSA) is discussefidations 3.3.5.3 and 5.2.3.

3.2.Methods for the simulation of the response of passive systems and their
applications

In this section, the methods for the simulation of the response of passive systems, a
practical example and critical analysis of the issues regarding their applicability are
discussed.

3.2.1.Advanced passive components and phenomena

Passive and other advanced designs for arveatgled reactor are charactedsby new

kinds of phenomena, e. NEA (199€); IAEA (2012; IAEA (2009; IAEA (200%), and

IAEA (2014b, and accident scenarios. Those designs have additional features beside
their common features with the presgeneration reacts, PWR, BWR and VVER; see
e.g.NEA (1989h; NEA (1993; NEA (1994); USNRC(1988&); Levy (1999, andNEA

(200)). The new kind ophenomena andcaident scenarios given in NEA49&), are

related to the following:
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containmenprocess and interactions with the RCS
low-pressurgghenomenaand

phenomena related specifically to new system components or reactor

configurations.
Examples of phenomena that are recommended as bases for further validation activities
are:
T the behaviour of different parall el l oops i
9 component interactions (e @MT andaccumulators);
9 natural circulation in SMRB,
1 large water pools used as heat sink (mixing phenomena, thermal stratification)
91 natural circulation RPV/PCV coupling during SEYCA mitigation strategy;
1 mixing phenomena in PCV and in large ppol
9 heat transfer in helical coil SG;

9 isolation condensers.

In the following, selected passive systems are desgcribedding the related thermal
hydraulic phenomena.

Emergency condensesblation condenser with horizontal heat exchanger pipes

These heat exchangers are used for residual heat removal from the cioolitign case

of an emergency. Isolation condensers can be found in designs of advanced BWR
(e.g.ESBWR, SBWR, KEENA, etc.) as well as SMKe.g.CAREM). The feed line is
connected to the RPV top (steam part), while the drain line is connected to the RPV
bottom (water part). In case of an emergency, steam enters the heat exchanger tubes,
condenses there and the condensate drains back to the RBWgléa a natural
circulation. They are activated eitherthgopening of an isolation valve within theagh

line (category D offipassivenessaccording to IAEA[199]) when the IC is located
above the RPV or by a falling water level within the RPV itseHtdgory B of
fipassivenessaccording to IAEA {992) when the IC is located beside the RPV
e.g.emergency condenser of KERENA. For example, in the KERENA case, the
emergency condenser feed line connects to the clmwersection of the RPV, where

in case of scram and recirculation pump stop, the level quickly decreases by
approximately two mees. Due to tk horizontal arrangement of thetube bundle, this

level difference uncovers nearly the entire HX surface and brings the condenser
(quickly) into operation after scram. On the shell side, IC are often located within a large
water pool working as a heanki Here, the heat transfer may be influenced by the
occurrence of thermal stratification and 3D flows.

Based on the working principle of the IC, the following broadly (and approximatively)
defined thermahydraulic phenomena are taken into actp according to IAEA
(200%):

1 low-pressurgghenomena,;
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9 natural circulation within the tubes:

impact of norcondensable gases (if present): in case there are any
gases present in the RPV, these gases will start to accumulate in the IC
as soon as condensation sets in there. When lowering the pressure, non
condensable gases may affect a larger pathefHX surface, thus
reducing the heat transfer capacity;

interactions of parallel channels;
stability (or instability);
1 behaviour inside large water pools:

thermal stratification;
natural/forced convection/circulation (terminology as applicable);
heat and mass transfer at liquid surface.

Helical coiled heat exchangers

Current SMR designs like the CAREM, SMART or NuScale use helically coiled steam
generators to combine a high heat transfer surface and a short height. In the CAREM
case, several steam generators are located within thecdowen in the NuScale case,

one steam generator is located around the riser section. The flow and therefore the heat
transfer at the inner and at the shell side of the heat exchanger differ froknosxeh

straight tube or Hlube steam generators: due to thieadpa secondary flow is induced,

which improves the heat transfer compared to a straight tube. This heat transfer increases
with the torsion rate of the pipe (quotient of slope and diamdder)aAmicis @014).
Depending on the design of the shell sidthefheat exchanger (inline or displaced array

of the tubes), the flow as well as the introduced turbulence, which influences the outer
heat transfer, could be significantly different from straight tube heat exchanger. Issues
related to occurring thermdalydraulic phenomena are (foatural circulation within the

tubes):

1 impact of norcondensable gases;
9 interactions of parallel channels;
9 occurrence of instability events.

Containment cooling condensers

Passive containment cooling condensers are implemented in a large variety of designs.
For instance, the KERENA containment cooling condenser (CCC) consists of a linear
HX tube bundle (close to horizontal) between two headers (one at a slightly higher
elevaion than the other). The headers are connected to the shigditigtorage pool
outside and on top of the containment (and open to the atmosphere). On the containment
side, steam transport occurs convectively, on the heat sink side (inside tubeas), natur
circulation establishes in case of heat transfer from the containment.

Related thermahydraulic phenomena are:
9 convection and condensation on the containment side:

presence of nogondensable gases.
9 natural circulation within the tubes:

NC startup;
single-phase and twphase NC;
co-existence oflifferent flow regimes (stability);
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interactions of parallel channels.

Passive pressure pulse transmitter

The KERENA BWR design uses a passive pressure pulse transmitter. This is a small
heat exchanger the primary side of which is connected to a pipe parallel to the RPV and
connected to the RPV at the top and at the bottom. When the level in the RPV falls shor
of the elevation of the passive pressure pulse transmitters (PPPT), steam enters the HX
and condenses transferring heat to a secondary side. On this secondary side, a working
fluid heats up, evaporates and builds up a pressure, which is fed intovapiggtwhich

can open a (larger) depressatisn valve.

Related thermalydraulic phenomena are:

 Condensation on the RPV side:

presence of nogondensable gases (if any).
1 Heat sink side:

thermal expansion;

evaporation.

3.2.2.Code applications

3221 Devel opment and use of fAassessment dat

The phenomenological analyses and thethwyalraulic characterisation of nuclear
reactors are the basis for their design and safety evaluation. In light sifjtiigcant

effort and cost of performing meaningful experiments at-doélle (which were
performed, however, for the KERENA components described above at the INKA test
facility), scaleddown experimental tests have been designed and performed; see
e.g.Zuber et al. 1990; Levy (1999; Karwat (19853; Karwat (L985h; NEA (1986);
Wolfer (2008; Mascai et al.(2014h, and USNRC1988) (NUREG-1230): these have
been used f or dneevnetl odpa tnagb aasne 2015, $dbdkescsd r i et al
hydraulic characterigion of the prototype design and for the validatbf computational

tools, NEA (19891; NEA (1996a); NEA (1996); NEA (1996d); NEA (2001); and NEA
(2019.

In order to reproduce the behaviour of a prototype reactor in a staatdexperimental

test facility, it is necessary to therrtaldraulically charactese both local and integral
phenomena. Therefore, the test facilities geometry and the initial and boundary
conditions (BIC) of the experiments should be correctly derived according to the scaling
laws to avoid scaling distortions that could compromiseatget phenomena identified
through a Phenomena ldentificationdaRanking Table (PIRT), Reye2005h, and
D6Auri 201@.t al . (

A detailed analysis of the key elements necessary for developing and using the
Afassessment dedbydMbsaasi et al20l5 Asrepresented iRigure 3.1,
three main elements can be identified:

1 experimental activity and application of scaling methodology for the design of
facility and experiments;

code verification and validation;
full plant code prediction, including:

addressing the scaling issue;
deterministic safetynalyses for safety review.
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It is worth mentioning that thapproach shown in Figu@1 is consolidated for reactor
designs based on an active systems mitigation strategy. In relation to reactor designs
using a mitigation strategy based on the use of passive systealsautivities shown

in Figure3.1 are nowadays performed.

Figure 3.1. Key elements necessary for developing and using an
flasmens databaseod
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Source:Mascari et al. (2015)

When ascaleddown experimental test facility is designed, a scaling analysis (see
e.g.Zuber et al. 1990; Levy (1999; Karwat(19859; Karwat (1985h; NEA (1986);

Wolfert (2008; Mascari et al. Z014h; Reyes (20050 , and DO isa et al
necessary to assure that the experimental data obtained are representative of the thermal
hydraulic behaviouof the prototype reactor (FiguB1, block 1). In a nuclear reactor,

there is the presence of a complex geometry withphease flow where more than one
phenomean t akes pl acel). Tisddaterminesthaea large humbe( of

scaling parameters should be gmed at the same time; thenstdifficult to have a

complete and consistent set of scaling criteriaadsnsequence, it igfficult to apply

the dimensional analyses and a simplified approach is used. The main target of this
simplified approach is to assure that the scdledn facility measurettansient should

be charactered by the same dominant/relevant phenomena of thedalé prototype
reaktransient; therefore the main distortions should be related only to the not relevant
phenomena, as long as the initial scaling analysis correctly provided prototype
conditions andesults(see e.gZuber (1990; Levy (1999; Karwat (19853; Karwat

(1985h; Wolfert (2008; Mascari et al(20148; USNRC (9883); NEA (1989h; NEA

(1996c); NEA (19964d); NEA (2001); NEA (2014); Reyes2005) ; D6 Au(2010a et al
and Mascari et al.Z015).

In general, a scaling distortion isfiad e v i at i o n édown facility ldesignsttata | e d
has as an effect ¢$dhieomMmpafftaaphel@Ondsaho sukarw
causes discrepancies in experimental observation from prototype physical behaviour.
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Detailed information about scaling in system therimalraulics applications to nuclear
reactor safetyand design are reported in NE20(L7a).

3.2.2.2 Verification and validation

I n order to assess the quality of the code pt
processo (code validation is also called code
fulfilled (yellow box in Figure3.1) as suggested EA (200X). The verification of

the coddtself is done internally (Figur@.1, blocks 12 and 13) by the code developers.

The code design as well as the source code itself should be verified. This is needed to

ensure the quality of the implemented methods and algorithms awmehésby review

inspections and auditsTherdore, the compliance with possibly sethposed
programmer 6s guidelines is checked, too. The
uniform code design, especially when the code is developed by a larger number of

developers. The verification processoincludes an error reporting.

The second part of the process is the code validationr@8yl, block 15). Validation

is done in two phases, the-called development phase and the independent assessment
phase. In the first one, validation is doneinally by the developers (FiguBel, block

13) to check during the development of parts of the code, whether it simulates the
supposed behaviour. In the second part, the validation is done by an independent user of
the code (Figre3.1, block 14). During the validation process, the cogeiracy is tested

by comparing the calculated results with information, describing the related phenomena.
The latter can be derived from analytical solutions, experimental data, nuclear power
plant transients and benchmark calculations (calculationstgoother codes). Different

types of calculations should be performed during the independent validation process:

i basic test:

simple;
analytical solutions possible.

1 separate effect teSET) (Figure3.1, block 3):

addresses only specific phenomena;
experiments should be full scale whenever possible;
code to code comparis@ossible (Figur&.1, block 17).

1 integral tes(IET) (Figure3.1, block 4):

addresses aifiost of the relevant physical phenomena;
experiments can be scaled.

1 nuclear power plant level tesiad operational transienSigure3.1, block 16):
performed on a nuclear power plant.

Within the process of validation, the differences between the simulation results and test
data are determined. Since experimental data are also affected by uncertainties,
e.g.measurement uncertainties, these uncertainties should be considered when
determining the code uncertainties. When performingodeto-code comparison
(e.g.performing a benchmark analysis), the users should not know the experimental
results in order to avoid a tuning of the specific input or the models to achieve better
compliance wih the experimental data. Because of the validation process, the
uncertainty of the code and range of validation should be fully investigated and
documented.
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If the code is complex (e.gystem codes like ATHLET, RELAP5, CATHARE, etc.)

the code developers should provide a validation matrix. This matrix should include the
abovementioned test types. The fundamental experimental data should be obtained from
experiments performed at different facilities in different conditions.

When creating the input data of the code for simulation of a special experiment, the user
should be aware of all available guides, 1like
The gained experiences during the validation process by modelling thdicspec

experiment or facility should be documented back into the best practice guidelines of the

code by adding flormation regarding best nodation or model options.

3.2.2.3 Code independent assessment

The main target of he Acode i ndep drgdre3nlt blocku4) lisitof i cati ono
evaluate the qualitative and quantitative code accuracy; this evaluation is done by an
fiindependent usero by comparing the #dAcalcul a
transi ent 0 de wewnexparitiental test faciliseq.&ENRE (1999;

D6 Aur i a2008;t Petraidzi.et a(. 4008, and Mascari et af2015. In orderto

evaluate the code accuracy qualitatively, the

T Il'dentifying the Arelevant ther mal hydraul i
finternationalrecognssd code validati oNEAMI®96).i X0 has a

T Il'dentifying the Aphkehwmnénondtepisadeatdde wi s do ws
scenario: it consists in fitime spanso in W
mostly occurs, and a limited set of parameters control the scenario; the dominant
phenomena consequent te fphysical processes charactegsch PhW.

T I'denti fying t hhydrailic aspests(RTA) insileheach FHaM.
These are the events or phenomena consequent to the physical process. These
are peculiar of the transient investigated.d s el ecti on o ARTA cha
parametero is necessary to hawvamedguantitat
parameterso (SVP), Anon di mensi onal par ame

1 Qualitative analyses of obtained results by evaluating and ranking the
comparison between measured and calculated trend (Continuous Valued
ParameteCVP).

Qualitative analysis is based on five subjective grdgntmarks éxcellent, reasonable,
minimal, unqualified, not applicable), that are applied both to the matrix of phenomena
and to the list of RTA. It is mainly based on visual observation of the experimental and
calculated trends. The evaluation of the qualitative code accuracy will be based on a
comprehensive comparison between experimental and calculated data including the
following steps:

1 comparison between experimental and calculated trend,;
1 comparing quantities characténig the calculated sequence of event;

1 qualitative evaluation of the calculation accuracy on the basis of the phenomena
included in the CSNI matrix;

9 qualitative evaluation of the calculation accuracy on the basis of RTA (this could
be used in some methodology also for code uncertainty derivation).

The positive conclusion of the fAigualitative a
the Agquantitative ac c-yuaatitatve jadgesnensatheecode 0 as a n
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accuracy. The fast Fourier transform based met(lBETBM) is an example,
e.g.Bovalini et al. (9931).

3.2.2.4 Full-scale plant code prediction and uncertainty quantification

When the code has fulfilled all the validation proessa qudified frozen code version
(Figure 3.1, block 19) is obtained and distributed to the international-aoskr
community ready for fulscale plant applications.

As underlined before, unavoi ddkdalegupdi st or ti on
' imitso precluding the possibility of a direc
full-scale prototype. Experimental results obtained from counterpart tests activity should

be limited, also, within the maximum condition range. Siesilts obtained by SET or

IET are limited within the experimental conditions and test scale, the code is validated

and can be used only inside the -uex piesrsiureeont al

The evaluation of the uncertainty in the extrapolated results is one of the most important

subjects in verificatiomndvalidation of any computational tool. Within this regard, the

main issue is how to quantify uncertainty, in the calculated results for prototype analyses,

without determining the accuracy (in a code validation process) for all the transient and

steady phgical conditions of interest for a ftdlcale reactor. Therefore, each application

of a code, outside of its validation ranges, requigagion and should be inserted in a

fwellkd ef i ned calcul ation approach/ metr@odol ogyo.
discussed in Koizumi et a(1987); Bovalini et al. 1992; Bovalini et al.(19933, and

Bovalini et al. (1993h. These ar e e X apn pxbegimentab flata A s cal i n
extrapol ation methodol ogy 0 -upa@apagbibty ahihe |, by fa
computer codeo against counterpart test dat
extrapolation of the experimenthla t a 0 t oe thefubiscate protetype behaviour

for the transient condition experimentally investigated. The same considerations are

valid to extrapolate single facility experimental data.

g9
S

I n this context the deterministicosafetdy anal
blocks in the Figure8.1) shouldbe considered. The application of the BE thermal
hydraulic system code for the Adeterministic
scaling and fAsafety reviewo. The application
requires that a fisafety aAEA(2008, ¢Fgure3d,de adequ ac
block 26) be satisfietb demonstratits qualification level. In this connédon, although

a code fulfils the qualitative/quantitative a
isafety anal yses codenteslltsqne atit gharacteess byu at i on 0, [
uncertainty. Therefore, the use of a code qualified and adequate for safety evaluation for

safety review has -dof beredoupl ed!| wit bnaafpfwebhc
(conservativeness or BEuncertainty evaluation), FiguBel, block 27. It is to underline

that fisafety analyses code adequacy evaluationn d  filefired Icalculation
approach/ met hodol ogy @andaonrectedWascaript#f(Hosel y r el a

3.2.2.5 Prediction of instabilities

Passive systems rely on natural circulation as the main heat removal pascissthe

case in solar heaters, geothermal energy production, spacettragebling of engines,

and nuclear reactors. The reliability of such systems as accumulators, covptaaks,
passive residual heat remowaid isolation condensseris dependent on the local 3D
phenomena taking place in the system like temperature stratification and mixing, heat
loss and competing drivinforces, Bousbia Salah et #2000. The advatages of using
natural circulation, as a means of heat removal, have triggered the development of
advanced passive systems for the new generation of nuclear power@guEPR and
AP-1000R). On the other hand, the accomplishment of the objectives of achieving a
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high safety level and reducing the cost through the reliance on natural circulation
mechanisms requires a thorough understanding of those phenomena and more
particularly the instability issues.

Instabilities occur generally due to external and internal disturbances. External
disturbances include fluctuations in mass flow rate, fluctuations in inlet enthalpy,
fluctuations in heat supply rate, etc. Internal disturbances include generally flove regim
transitions in single or twphase flows. Flow instabilities are undesirable in boiling,
condensingindother twoephase flow processes for several reasons. Sustained flow may
cause forced mechanical vibration of component or system control problems. Flow
oscillations affect the local heat transfer characteristic and may induce boiling crisis
(critical heat flux, DNB, burnout, dout, etc.). These facts require the specification of
stable operating ranges, which in turn requires deeper understanding of the parametric
trends. Therefore, the level of knowledge for the thefmydraulic phenomena under
natural circulation flow regimes fdhe specific geometric and governing heat transfer
conditions should be investigatatbre thoroughly

For instance, in the spent fuel pool (SFP), hundreds of parallel fuel assemblies having
different power are stored in the racks. Under such conditions, 3D local and large
vortices and temperature stratification are formed under generally stable natural
circulation convection regime. This flow configuration could change when nucleate
boiling may initiateIn fact flow redistribution, and in some cases flow reversal between
the fuel assembliesan take place. Consequently, the cooling process is pertankd,

in some fuel channel, the flow could be largely reduced leading to further void formation.
Stability problems may also arise during the startof BWR reactors or during
transients that significantly shift the operating pointayaivom the stable zones, IAEA
(2005.

Instabilities (static and/or dynamic) like Ledinegg instability, flashing instability,
geysering, and density wave instabilities constitute a widely known problem in the
scientific community.Passive systems should be analysed with regard to all known
instabilities. Generally, thermdlydraulic system codes like RELAP5, CATHARE and
TRACE were successfully usearfsuch purposes, Phung et &015. Recently,
coupled 3D thermahydraulic and neutron kinetics codes are used mainly for BWR
stability issues. Mvertheless, mutlimensionalbased CFD codes are increasingly
investigated and provide valuable results since they are particularly well suited for
analysing singleohase fluid flow inside complex gmetries, Bousbia Salah et al.
(2010.

A great deal of literature is available including data and models. However, the analysis
of the instability phenomena requires a multidisciplinary approach comprising various
areas including numerical modelling, therrhgdraulicsand neutron physics models,

instrumentation, plant control and monitoring, and detailed knowledge of plant features.

3.2.3.Examples of code application for advanced passive reactors

Several examples of code application by different Institutions (ENEA, CEA, GRS,
KAERI, IRSN, UNIPI and UJV) are available from the liter&uThe activitie®f two
organisitions constituted sample cases here:

1 ENEA code validation activity against advanced passive reactor:

TRACE code against OSMASLWR facility (key concerned phenomena are:
primary loop NC, heat transfer in helical coil SG, coupling primary loop and
containment NC);

codevalidation against SPES data with CATHARE code;
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GRS code validation activity against advanced passive reactor:

AC? validation against single component tests regarding passive systems of
KERENA performed at INKA,;

f AC? validation against integral tests regarding desigsis accidents of
KERENA performed at INKA;

1 ATHLET validation against COSMEA facility (SET emergency condenser);
9 ATHLET validation against ATLAS facility.
ENEA activities (based on OSU experiment)

In the last decades the international technical community, taking into account the
operational experience of existing nuclear reactors,estéine development of new
advanced reactor designs to satisfy demands to improve the safatglefr power
plantsand the demands of the utilities to improve the economic efficiency and reduce
the capital cost®)'Auria et al. 1993; Mascari et al(20113, and Mascari et a{20123.

In this framework, the project of soradvanced reactors considers the use of emergency
systems based entirely on natural circulation for the removal of the decay power in
transient condition and in some reactors for the removal of core power duringlno
operating conditions, IAEA200%); Mascari et al(2011h, and Mascari et a{20123.
Examples of advanced reactdat rely on natural circulation for the remaivof the

core power during normal operation are the MASLWR (rrybiplication small light
water reactor), the economic simplifigbiling water reactor (ESBWR), the system
integrated modular advanced reactor (SMART) and the natural circulation based PWR
being deveadped in Argentina (CAREM), IAEA2004); IAEA (2005, andMascari et

al. (20123.

In particular, the MASLWRe.g.Modro et al. 2003, is a small modular integral PWR
relying on natural circulation during both steest@te and transient operation. This
reactor, arang other things, is charactexts by a passive primary/containment
mitigating strategy in a LOCA condition and by helical coil SGs. MASLWR is the basis
for the NuScaleeactor design, Mascari et a201§. The MASLWR layout is reported

in Figure3.2.
Figure 3.2. MASLWR layout
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Source: Modro et al. (2003); Mascari et al. (2012b), and Mascari ¢€261.6.
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The integral arrangement of the MASLWe&actor allows avoiding presswts primary
components outside the RP&liminating the possibility of LH.OCA and reducing the
potential for SBLOCA events. Of particular interest is the BBCA mitigation
strategy based on a passive primary/containment coupling and natural circulation. For
example, given an inadvertent opening of an ADS valve primary side (or primary loop)
blowdown into the containment takes place. The RPV blowdown causes a primary
pressure decreasnd a consequent containment pressure increase causing a safety
injection signal. When a safety signal is received, the high ADS valves automatically
actuate, along with the middle ADS valves and the sump recirculation valves. As the
primary and e containment pressures equalithe blowdown is terminated, and a
natural circulation flow path is established between the containment and primary system.
When the sump recirculation valves are opened the vapour produced in the core travels
to the upper RPV anelits through the high ADS valve. The vapour is then condensed
on the inside surface of the containment with the condensate being captured in the lower
part of the containment. The condensate in the lower part of the containment is then
returned to the pmary system via recirculation valves. The containment is also
submerged in a pool, which acts as th@madte heat sink, Reyes et £003; Reyes
(2005h; Mascari et al(20123; Mascari et al. 40121, and Mascari et a(2016, for
designbasis events.

Oregon State UniversityOSU) has constructed, under a D8partment of Energy
grant, an experimental integral test scadesvn facility to termathydraulically
characterie natural circulation phenomena of importance to the MASLWR design. An
experimental testing prograne has been conducted in order to assess the operation of
the MASLWR design under full pressure and full temperature conditions and to assess
the passive safety system performance. The experimental data produced are useful also
for the assessment of the camgttional tools necessary for the opna, design and
safety analysis of utlear reactors, Modro, et §R003; Reyes et al.2003; Reyes
(2009; Reyes et al.2007); Mascari et al(20121, and Mascari et al2016. Table 3.1
shows the tests performed in the OBMMSLWR and funded by the DOE.

Table 3.1. Tests performed in the OSUMASLWR and funded by

the DOE
Test Test Type
OSUMASLWR-001 Inadvertent Actuation of 1 Submerged ADS Valve
OSUMASLWR-002 Natural Circulation at Core Power up2b0 kW
OSU-MASLWR-003A Natural Circulation at Core Power of 210 kW
OSUMASLWR-003B Inadvertent Actuation of 1 High Containment ADS Valve
Source:Modro et al. (2003).
In particular:

1 The OSUMASLWR-001 testis an inadvertent actuation of one submerged ADS
valve and investigates the primary/containment coupling ésigikbasis
accident condition.

I The OSUMASLWR-002 test is a natural circulation test and investigates the
primary system flow rates and secondary side steam superheat for a variety of
corepower kevels and feed water flow rates.

1 The OSUMASLWR-003A is an extended 210 kW (core electrical power)
steady test establishing initial conditions for fledowing OSUMASLWR-
003B test.

1 The OSUMASLWR-003B test is an inadvertent actuation of one high
containment ADS valve and investigates the primary/containment coupling in
BDBA condition.
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The main target of this validation activity is to analyse the capability of the USNRC BE
thermathydraulic system code TRACE to simulate:

9 natural circulation phenomena in integral type reactor, and

1 passive primary/containment natural circulation mitigation strategy during a SB
LOCA.

The simulations of the OSMASLWR 001 and 003B tests are used to assess the
capability of the TRACE, TRACE V5.0, 2008, code to simulate the primary/containment
coupling in DBA and BDBA respectively. The OSWASLWR 002 and 003B have
been used to assess tapability of the TRACE code to simulate natural circulation
phenomena in integral type reactor.

The analysis of the OSMASLWR-001 test shows that the TRACE code is able to
gualitatively predict the single and twase natural circulation and
primary/containment coupling phenomena charagtgyithe test. The refill of the core,
permitting its cooling, is reasonably predictgdthe code as reportedkigure 3.3. The
results of the qualitative accuracy analyses are reported in the Tables 3.2 and 3.3. From
a quantitative point ofiew, the results of the TRACE calculations show a general over
predicton of primary side pressure and temperatures compared with thenespti
data, as reported iRigure 3.41t is thought that this could be due to a combination of
selection of vent valve discharge coefficients and condensation models applied to the
inside surface of the containment. A more det
component o, rethey quantitadive iedtineation of the containment (HPC)
temperatures simulating the natural circulation and the mixing phenomena in the upper
partof the containment, Mascari et a20(19.
Table 3.2. Example of Test versus Phenomenal RACE
prediction

Phenomenon Experiment TRACE code

Phenomena | Measurement | Phenomena

Single Phase Natural Circulation

Two-Phase NaturdCirculation

Heat Transfer in Covered Core

Distribution of Pressure Drop Through Primary

System

Primary-Containment Coupling During Blowdown (0]

And Long Term Cooling

Structural Heat And Heat Losses + O +
(@)
+

+|+|+|+
+ |+ |+ |+

+
+

+

Break Flow
Behaviour of Large Pool: +
Thermal Stratification (HPC)
Behaviour of Large Pool: + NA NA*
Natural Convection (HPC)
Behaviour of Large Pool: + NA +
Steam Condensation (HPC)
Effect of NonCondensable Gases On + NA +
Condensation Heat Transfer (HPC)
Condensation on Containment + (0] +
Structures (HPC)
Behaviour of Large Pool: + + +
Thermal Stratification (CPV)
Behaviour of Large Pool: + NA NA*
Natural Convection (CPV)

+

*The natural circulation phenomena in HPC and CPV are not predicted BRR&EE code for the 1D nodalisation
strategy of the HPC and CPV. A 3D model, by using the vessel component, could permits the prediction of these
phenomena.

Source:Modro et al. (2003).
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Table 3.3. Example of experimental facility and code qualitative
phenomena prediction evaluation

DATA + 0 NA -
Phenomenon occurred| Phenanenon occurred in the| Phenomenon Phenomenon
in the test and directly | test andndirectly measured | occurring (or not occurred

Experiment measured (or characterisd by _ pre_sumed to occur) | in the test
(measured) elaboratlon 'of experlmental QUrmg the test: no
data, including modelling instrumentation
assumptions) available to
characteris it
Phenomenon is clearly| Phenomenon is partially Models are not Phenomenon
Code predicted by the code | predicted (e_.gthe prediction appropria;e to predict| is not
calculation (Excellent/Reasonable) of the code |$_easonablebut (i.e.nodalisation predicted by
closure equations are not strategy, etc.) the code
appropriate) (Minimal) (Unqualified)

Figure 3.3. (Example of) MASLWR experimental data versus
code calculation- RPV Level
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Source:Modro et al. (2003)

Figure 3.4. Example of MASLWR experimental data versusode
calculation results- PRZ and HPC Pressure
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Source:Modro et al. (2003).

The analyses of the OSMASLWR-002 test shows that the TRACE code is able to
gualitatively predict natural circulation phenomena and heat exchange from primary to
secondary side by helical coil SG. In particular, the code is able to predict toeka
saturated and superheated region of the helical coil SG secondary side. The calculated
results show a general qualitative agreement with the experimental data. Selected results
of the qualitative accuracy analyses are reported ifidbée 3.4.
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Table 3.4. Example of Phenomend/s Facility and Vs TRACE

prediction
Phenomenon Experiment TRACE code
Phenomena | Measurement | Phenomena

Singlephase Natural Circulation + + +
Heat Transfer in Covered Core + + +
By-pass heat transfer + + +
Distribution of Pressure Drop Throu@himary | + + +
System
Heat Transfer in SG Primary Side + + +
Structural Heat and Heat Losses + 0 +
Heat Transfer in SG Secondary Side + + 0* (v5.0)
Steam Superheated on Secondary Side + + +

*The heat transfer in SG secondary side is partially predicted because no helical coil heat transfer
correlation has been implemented, Mas¢20i§. Analyses by using the curved pipe option (more recent
TRACE release) show th#te model is able to quantitatively better predict heat transfer between primary
and secondary side through a helical coil SG. Quantitative differences are pviesmati 2019.

Source: Mascari et al2016.

From a quantitative point of view, an overestimation ofitihet/outlet core temperature

can be seeim Figure 3.5This could be related to SG primary and secondary side heat
transfer. One of the reasons could be an underestimation of the helical coil heat transfer
coefficient during the different phases of the test. In fact, no specific helical coil heat
transfer corelations have been implemented in the TRACE V5.0 version used for this
simulation. From the results of the previcusalysesijt is important to consider the
influence of the correct heat losses fpecgdn. Preliminary analyses by using a more
recent TRACE V5 release, where a curved pipe option is available to simulate the flow
through the curved pipe of the secondary side helical coil SG, show that in general the
use of the curved pipe option givebetter quantitative prediction of the experimental
data,Mascari 018. Same considerations can be repeated in relation to the andlyses o
the OSUMASLWR 003A, Mascari2018.

Another important point to nots the influence of the nodadison choice. The analyses

of previous TRACE calculations show that one of the reasons of the instability of the
superheat condition of the fluid at the outlet of tl&, @lready observed by Mascari
(2008, is the equivalent SG model used to simulate the different group of helical coils.
In particular, if the helical coils are
more stable fluid temperature at the outlet of the helical tubesdscped by the code.

The model with three different oblique or vertical tubes needs more investigations in
order to study the possible instability conditigmedicted by the code, Masca2D{19.

The primary natural circulation volumetric flow rabehaviouris qualitatively and
guantitatively predicted by the TRAGt®de,Figure3.6.In particular, it is to underline
that the primary volumetric flow rate is well predicted, from a quantitative point of view,
by using a Reynolds numbdependent loss coefficient at théeinof the core, Mascari

et al. 0143.
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Figure 3.5. Example of MASLWR experimental data versus code

calculation results for fluid temperature at the core outlet
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Source: Mascari et al. (2016).

Figure 3.6. Example of MASLWR experimental data versus code
calculation results for primary volumetric flow rate
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Source: Mascari et al2016.

The analyses of the OSMASLWR 003 B calculated data show that the code is able to
predict the primary/containment interactions typical of this design reproducing its
primary/containment pressure transient and its containment vessel condensation
behaviourA small overestimation of the containment and RPV pressure, in the last part
of the transient, and an anticipation of the containment pressure peak is predicted by the
code; this could be due to the selection of vent valve discharge coefficients, ctindensa
models applied to the inside surface of the HPC and to some discrepancies between the
experimental and calculated heat losses of the facility. The containment behaviour is in
general predicted by the TRACE code, but a 3D model of the containmeri¢ i ab
reproduce the mixing phenomena taking place in the lower part of the containment,
reproducing the qualitative temperature behaviour of the lowest thermocouple. A general
better quantitative prediction of temperature behaviour of the thermocoupteupper

part of the containment is obtained by using a 3D HPC model. A detailediamdlise
parameters charactdarig the 3D vessel nodahgion cells is required to have a
guantitative agreement with the experimental data having a better reproduction of the
mixing phenomena taking place in the upper and lower part of the containmentaluring
RPV blowdown, Mascari et al2Q143.
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GRS activities

Validation work of the code system A@omprised of the system codes ATHLET and
COCOSYS and the extension of ATHLET for severe accidents, ATHCEY for
passive systeghas been performed basically against the test facilities INKA, COSMEA
and ATLAS. The first two test facilities are KERENA related, while the latter is used to
investigate the thermélydraulicsof the APR1 400 and OPRL 000. SET performed at
INKA have been used to validate A@r the simulation of the emergency condenser,
containment cooling condenser, passive pressure pulse transmitter, overflow pipes and
the passive flooding system. This work has been done mainly during the EASY project
(Evidence of desigihbasisaccidents mitigation solely with passive safsygtems) from

20151 2018. Furthermore, integral tests have been performed in EASY for validation of
AC? regarding desigasis accidestof KERENA (e.gmain steam line break, station
blackout). Results have been presefive@xample in Buchholz et §20173; Buchholz

et d. (2017h; Buchholz et al. Z0179; Hristov et al.(2017; Kaczmarkiewicz et al.
(2017); Sporn et al.Z017, and GehiandAllelein (2017. COSMEA SETs have been
used for development and validation regarding the heat transfer of the emergency
condenser of KERENA during the PANAS projed®asive Nachzerfallswarme
Abfuhrsysteme pr Passivadecay heat removal systems).

During the validation work, it has been found that’A@derestimates the power of the
emergency condenser and containment cooling condenser. Further development and
validation work is thus needed for both heat exchangers regarding the heat transfer,
which will be done in the followup of the project EASY (E&Y-2) for the emergency
condenser as well as during the rest of PANAS project.

The thermahydraulic system code ATHLET has been also assessed against two
experiments in the Korean ATLAS facility dealing with a passive auxiliary fester

system. Both experiments simulate a station blackout with asymmetric secondary side
cooling as envisaged accident management measure. The code was able to simulate
satisfactorily the behaviour of the passive auxiliary feater system applied in these

two tests, AustregesilandHollands 017).

3.2.4.ThelAEA-l CSP on il rDesggyNaadal CirkcléRon Flow
Stability and ThermeHydraulic Coupling of Containmentand Primary
System during Accidentso

The IAEA-l CS P Integral RWR Design Natural Circulation Flow Stability and
ThermeHydraulic Coupling of Containmentand Primary Systenduring Accidents |,
IAEA (20143; Choi 011), and Mascari et al.2012h, has been hosted at OSU,
providing data on singléwo-phase flow instability phenomena under natural
circulation conditions and coupled containment/reactor ves$elviouiin integral type
LWR, based on the OSMIASLWR facility.

Two different tests have been performed in the @BASLWR facility along the IAEA
ICSP activity, IAEA Q0143:

1 ICSP test SR: Loss of FW transient with subsequent ADS operation and long
termcooling: the main outcomes of the experiment are that:

the passive mitigation strategy based on a passive primary/containment coupling
is effective to remove the residual core power;

the core is never uncovered along the transient progression;

single and intermittent twphase natural circulation is observed during the
transient time progression;
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1 ICSP test SB: PowerManoeuvring- normal operating condition at different
power levels: the main outcomes of the experiment are:

single-phasenatural circulation magnitude is dependent from core power and FW
flow rate;

flow instabilities during natural circulation are not observed;

heat transfer from the primary to secondary side heat transfer by helical coil SG is
the key heat transfer mechanism to remove core power along the transient
progression.

The main target of the benchmark was to evaluate the capability of the different thermal
hydraulic codes used to simulate the main phenomena typical of integral type reactor.
Since the facility was equipped with a helical coil SG, used in different integral type
reactors, the capability of the codes to simulate the heat transfer from proopriol
secondary loop through helical coil SG has been investigated as well.

The results of the benchmark show that the codes are in general able to predict the major
phenomena typical of the transient related to the integrated primary side.

In general, the modelling of the heat transfer from the primary to secondary side by
helical coils SG requires the implementation of dedicated helical coil model in the codes.
Before the start of the concerned IAEA activity, most existing thehyaiaulic codes

did not have dedicated model implemented. Therefore, the differdatusers apply
different nodaliation strateigs to simulate the tests (eigcrease of the SG heat transfer
area, increase of the heat transfer coefficient, increase of thegdaditor).

In relation to the modelling of the primary side natural circulation at different core power
levels and FW flow rates, an accurate simulation of the form losses along the integral
RPV (geometric discontinuities, RPV internal structures) shall constituteeya
modelling aspect. Along the benchmark, troubles have been identified in the different
code applications in (accurately) simulating the different core flow rates at different
power steps and FW mass flow rates.

In relation to the containment (HPC) prediction, the different codes applications show
similar results, though some discrepancies with the experimental data are observed.
These discrepancies are due to some uncertainty in the instrumentation locatioa and t
presence of multidimensional phenomena.

Some of the outcomes of the benchmark were that:
1 improvement of the helical coil heat transfer modelling is beneficial,
9 helical coil heat transfer modelling should be implemented in the codes;

9 use of Reynoldnumber dependent form losses should be used to improve code
predictions;

1 new exgeriments should be charactedsby a low uncertainty at low flow rate.

3.2.5.Reliability evaluation based on PERSE@nchmark database: the
fiextreme cases

The widespread potential use of passive systems (see also previous chegsers)
justified for many years (at least the aftermatiof the Chernobyl accident in 1986, in
Italy) research in the area and, namely, the development of methodologies for their
assessmemti k e R E P A&dGalbssi 2000, and Jafari et al2003, and RMPS,
Ricotti et al. 002, and Marqués et al2Q09 (details inSection 3.3.4).

STATUS REPORT ON RELIABILITY OF THERMAEHYDRAULIC PASSIVE SYSTEMS



106 | NEA/CSNI/R(2021)2

Through the applications of those methodologies, the possible drawbacks of passive
systems wre demonstrateddowever, after a few yeafsincethe year 2000), interest

in this areaby theinternational community dropped and those demonstrations have not
sincebeen considered. One of the main motivations is that no innovatolear power
plantwas put in operation until the second halR6LGs. As increased reliance is placed

on passive systems in new designs, the importance of quantitative reliability assessments
may warrant additional research to support replacing active systems with passive
systems

The operation of a passive system is more sensitive to initial and boundary conditions
with respect to an active system with a similar mission; this is due to the dependence of
the system upon the driving dimathydraulic phenomena (e.gatural circulation).
Moreover, during the statp and the operation phases, the system passes through
several different operating conditions that may in turn affect its behaviour. For these
reasons, the evaluation of the reliability of a passive systemdsn specific
metodologies that consider also the reliability of the involved thehwdiaulic
phenomena.

The objective of the activity carriedubby UNIPI and POLITO, summasgd in this
section, is to show the results of the application of an assessment method, consistent with
the technology availablat the time this report was preparednsidering not only the
behaviour of a stanrdlone passive system as mostly done in tlst, s@e e P 0 Aur i a
andGalassi 2000, but also its interaction with the reactor system during the evolution

of a selected DBA. The activity aims to show the capability of the puveadther than

to assess the reliability of the system.

The elements for the proposed activity are presented hereafter:

1) Method to evaluate the reliability of passive systémssimplified application
of the REPAS methodology was pursued. Only deterministically selected cases,
socalledie xt r eme caseso0O have been performed.
the methodology, which include also cases selected by a probabilistic analysis,
are described iD 6 Aur i 200@, and ABA.(20X4D.

2) Best estimate SYSTH codei The weltknown RELAP5/MOD3.3 code,
RELAP5/MOD3.3(2003, has been selected.

3) Qualified model of a passive systémh TH model of a passive system, which
has the key characteristic of a typical Isolation Condenser, has been derived and
validated based on the PERSHE&enchmark activity carried out in the
framework of this Task Group. The configuration of this passive system has
some differences from PERSEO (described Section 4.2.2.5 and the
Addendum). Namely, the heat exchanger is submerged under water as initial
condition and the activating valve is located on the line connedtagystem
with the RPV. However, the result of the benchmark calculations can be used
to validate the heat transfer model of the RELAP5S code for the considered heat
exchanger geometry in similar operating conditions.

4) Model of a fultscale reactor systeimA model of an SBWR reactor developed
by UNIPI Breghi et al. {992, and Barbucci et al1095, has been used to
derive an input deck suitable for the adopted release of the RELAP5 code. It
must be mentioned that, even though the model was developedifhglla
rigorous procedure, e.gee Bonuccelli et al1093, a full validation was not
possible.
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5) A scaling methodi The fullscale model of the SBWR has been scaled
following a praedure consistent with tiNEA-CSNI/WGAMA State othe Art
Report on Scaling, NEA2Q17a). The original model has been downscaled by
a factorsix following the poweitto volume method. This was needed because,
for simplicity, the analysis has been conducted considering only one heat
exchanger module over the six that constitute the three independent trains
available n the reference reactor, USNRZD(6, or NUREG/CR6309.

INnEl ement 1, fextreme casesoO are transient scel
the related probability of occurrence (PM in Chapter 1) is not established, though it is

expected to have fdlowo value and to fall in a region outside typical PSA studies; the

related evolution (transient conditions) may cover parameter space regions not covered

by typical DSA studies and may challenge the target function of the concerned passive

system (TM in Chaptr 1). Boundary conditions for extreme cases are fixegbas the

expertise of scientists performing reliability analysis. The results from extreme cases

analyses shall contribute to the overall value of reliability determined for the passive

system, see e. 6 A u and @Galassi 2000. The analysis of extreme cases also

contributes to the deep understanding of the passive system performance.

ConcerningElements 2 and 3, it is worth noting that the availability of-alhle
experiments might be necessary for the application of procedures as the one presented
here. Namely, in this application the heat transfer model implemented in RELAP5
needed for a sigficant tuning as discussed in Section 3.2.2. The same limitation is
common to most of available SYBH codes.

Elements 4 and 5 constitute a difference from some previous studies where approximated
design characteristic of an SMR design were consiti® setip the TH model, e.gee
IAEA (2014bh.

Considering the availability of these elements, UNIPI proposed to connect a qualified
model of a passive system to a properly scaled model of a nuclear reactor to perform a
demonstrative reliability analysis based on an industrial applicable methodolthgy wi
the use of a system thermaldraulics code.

Among all the accident scenarios in which the considered passive system is called in
operationUSNRC @013, or NUREG0800, Station Blackout (SBO) scenario, resulting

in the reactor tripmain steamisolationvalve (MSIV) closure and the activation of the
natural circulation passive system was selected. Simulated time was restricted to roughly
eight hours.

Considering the fundamental safety functiodA (2016, the target mission of the
concerned passive system is to remove energy associated with the decaytopower
prevent core daage and to avoid ovgaressuriation of the reactor. In accomplishing

its mission this system is influenced by the behaviour of the whole reactor system. The
failure criteria adopted for this study to evaluate the performance of the passive system
are:

1) Energy removed by the heat exchanger afted@BDs (aboueighthours) lower
than 80% (value arbitrarily fixed to run the sample cases) of the reference case;
2) Opening of the safety reliealve (SRV), USNRC, 2013, #UREG-0 800;

3) Violations of maximum cladding temperature limitgfd > 1204 °C) with
downcomer (DC) water level > 3.9 m abdwee ofactive fuel (TAF).

The condition on DC water level has been added on criterict8use thautomatic
depressurigtion system (ADS) operates when the downcomer liquid level drops below
this set point; the gravity driven cooling system (GDCS) is expected to deliver water to
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the RPV depending on the differential pressure between the primary side and the
containment. Those systems have not been modelled. In this application, it was checked
that postulated leakages were small enough in order not to trigger the set point for ADS
operation within the investigated tiframe

The following critical parameters have been selected:

9 presence ofnoncondensable gases in the passive system lines and heat
exchanger;

1 presence of cold water in the passive system lines and heat exchanger;
9 inclination of the return line from the heat exchanger;
1 leakage through the MSIV;
9 leakage through the heat exchanger purge valve;
1 partial opening of the activating valve;
9 failure of 1 out of 3 passive system traine.@ppl i cati on of fAsingl e
criterion) simulated increasing the decay power by factor 3/2.
Based on these parameters, t eamminfsteallt, r e me case

Bellomo et al. 2019.

Resultsof the calculations are summarisedrigure 3.7 irterms of normalisd removed
energy at 3M00 s with respect to the reference case and SRV opening occurrence. One
failure occurred with respect to the first criterion (highlighted in red); five failures
occurred with respect to the second criterion (highlighted in yellow). Moreover,
significant ore mass flow oscillations have been predicted in two cases. Time trends of
removed energy are givémFigure 3.8

A spread of 22% in energy removed by the passive system emerged. It must be stressed
that this spread is connected with the predicted performance of the system rather than
with the uncertainty of the calculated results. More systematic apptisaof the
REPAS method (i.econsidering also probabilistically determined cases) performed on
a similar passive system not connected to a reactor system showed a spread up to roughly
50%, e.gD 6 A uandGalassi 2000. However, in none of these applications (irthg
the present one) results of the uncertainty analyses of calculated results, required in a
possible licensing procedsave been considered. Frdfigure 3.7,0ne may note that
the margin of acceptability with respect to failure criterion 1 for case 6 is very low.
Accounting for the uncertainty on the calculated results may reveal additional failure of
the system.

Figure 3.7. Summary of the results of the reliability analysis for

scaled SBWRPERSEO loop

SRV op.
1 SRV

SR op- SRV op. SRV op.

0.9 V op.
Bos —1-- - = gt
[
§o07
2
© 0.6
£
@
= 0.5
-1
2
= 0.4
£
S 0.3
=z

0.2

0.1

0
2 3 5 6 8

1 4 7 9 10
Case I.D.

Source: Bellomo et a{2019.

STATUS REPORT ON RELIABILITY OF THERMAEHYDRAULIC PASSIVE SYSTEMS



NEA/CSNI/R(2021)2109

Figure 3.8. Energy removed by passive system resulting from reliability analysis of scaled PERSEO
SBWR loop
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With the adopted simplified model, it is not possible to address the effect of interaction
among multiple modules constituting the same passive system. In addition, the
interaction among different passive systems has not been directly investigated. However
in order to have an insight into this issue, calculations where SRV operate were not
stopped despite this was assumed to constitute a failure of the system. Further
investigations on these aspects require a more detailed TH model which includes other
pasive systems such as the ADS and the GDCS (modelling the containment is also
needed) in order to enlarge the spectrum of accidents that can be investigated
(e.g.LOCA). Such a model should be developed avoiding lumpifi different
components (e.dneat exchanger modules constituting the same train) together with a
careful consideration of multidimensional effects occurring for instance inside the RPV
and large water pools where heat exchangers are placed.

Based on the discussion of the present application, one may also observe that 1) the need

for a detailed TH model; 2) the wide humber of accident scenarios to be considered in

safety analyses of auclear power plantand 3) the large number of cases to be

investigated in a contgte reliability analysis (i.garobabilistically and deterministically
determined cases) for each accident scenario
(seeSection 3.3.5.2) to cope with large computational time needed.

In general, this simplified application of a methodology to assess the reliability of
passive systems confirms, in line with previous investigations, that systematic and
comprehensive studies should be carried out worldwide considering not only the stand

adone passive system but also its interaction with the whole reactor system under
different accident conditions. In addition, uncertainty of calculated results should be also
consideredtosetpapoper fieval uat i @013, ordNdREHGO800. USNRC (

3.2.6.0pen issues

In Sections 3.2.6.1 and 3.2.6.2, the open issues regarding the simulation framework are
discussed, in particular with respect to the coupling analysis of CFD with system codes
and containment codes, respectively.
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3.2.6.1 Role of CFD codes and coupling of CFD codes with system TH
progranmein safety analyses

The need for accurate simulations and more detailed descriptions of new cooling
concepts leads tihe use (at least for local detailed analysafs3D and timedependent
computational fluid dynamic (CFD) codes. There are several motivations for using CFD
codes in the nucledield, IAEA (20020, and NEA R0173: the solutions of some
problems require 2D or 3D approaches to capture with sufficient accuracy the
phenomena to be modelled, like the flosgime determination, thermal stratification,
phase sepaiian, and phase distributions in large pools and, therefore, CFD codes are
required if dynamical 2D or 3D phenomena must be investigated, like the oscillations of
velocities, pressures, temperatusephase distributions; CFD codes have to be used for
scaling up detailed results from model experiments testidle reactor conditions; CFD
codes are also increasingly used for designing experiments and their instrumentation
arrangement; CFD codes canaalsliably be used to study in a more qualitative manner
the relevance of certain phenomena in flow and heat transfer problems, so far as the
governing physics is included in the numerical modelling. Thus, CFD codes are also
used to determine the dominant physical phenomena of nuclear flow problems, so that
finally a reliable efficient numerical model configuration (input) can be formulated for

a system code.

Capabilities of CFxodes

CFD codes can be used to simulate thtieeensional flows in very complicated
geometries that are related to nuclear passive systems. CFD simulations can complement
simulations performed with system codes. There is a duality between system codes and
CFD. System codes have sophisticated and validated physical models but limited
capabilities to simulate 3D phenomena in complicated geometries. CFD codes can model
3D flows in complicated domains but physical models in CFD codekast for multi
phasedlows i require further development and validation. Below is a list of capabilities

of commercial CFD code Ansys Fluent, ANSYS, 2018, (capabilities of other commercial
CFD codes are similar to those listed hereafter):

General solver capabilities:

i Steadystateand transient flow, timelependenboundary conditions.
2D and 3D flow.
Periodic domains.
Flow driven solid motion.
Pressurébased and densiyased coupled solvers.
Dynamic/movingdeforming mesh.

Overset mesh.

=A =4 =4 =4 4 -4 =4

Automatic onthe-fly mesh generation with dynamic refinement.
1 Dynamic solutioradaptive mesh refinement.
Singlephase, noweacting flows:
9 Incompressible and compressible flow.
1 Porous media.
1 Non-Newtonian viscosity.
1

Turbulence models with isotropic turbulent viscosity.
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Anisotropic turbulence models (Reynolds Stress Model).

Unsteady turbulence models (Large Eddy Simulation, Scale Adaptive
Simulation, Detached Eddy Simulation).

1 Modelling of laminafturbulent transition.
Heat transfer:
1 Natural convection.
1 Heat conduction in solid zones and conjugate heat transfer.
1 Shell conduction.
9 Internal radiation with transparent media and with participating media.
i External radiation.
1 Simplified heat exchanger model.
1 Porous media.
Particles flows:
1 Coupled discrete phase modelling including thin wall films.
Macroscopic particle model.
Inert particle tracking with mass.
Liquid droplets including evaporation.
Combusting particles.

Multi-componentroplets.

=A =4 =4 =4 =4 =4

Particle breatup and coalescence
9 Erosion.
Free surface flows:
1 Implicit and explicit volume of fluid (VOF).
Coupled level set/VOF.
Open channel flow and wave.
Surface tension.

Phase change.

=A =4 =4 =4 =4

Cavitation including case where multiple fluids and 4tondensing gases are
present.

Dispersed multphaselows:
i Mixture fraction.
1 Eulerian Model including thin wall films.
1 Boiling model.
1 Surface tension.
1 Phase change.
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Drag, lift, turbulent dispersion, virtual mass, wall lubrication.
Heat and mass transfer.

Population balance.

=A =4 =4 =

Reaction between phases.

Reacting flows:

Species transport.

Non-premixed, premixed and partially premixed combustion.

1
1
1 Composition probability density function transport.
9 Finite rate chemistry.

1

¢ and others

Phenomena common in advanced reactor systems undergoing transients that require
CFD analysis are discussed inBA (2008

Multidimensional thermahydraulicsin various components:
9 Thermal stratification in suppressitanks during system depressatien.
1 Thermal stratification in inventory malp tanks.

9 Thermal stratification in movement of fluid plumes in the reactor vessel as cold
water is injected into warm water in the presence of a free surface.

Liquid and gas stratification and interface tracking:

9 Horizontally stratified free surface flow is a commdowf regime following
depressurition in an advanced reactor system that has both passive injection
systems and horizontal pipe runs. Passive injection systems lead to free surface
flows, since the injection flow rates are not sufficiently large to fill the .pipe
Consequently, partially filled horizontal pipes lead to large free surfaces,
hydraulic jumps, condensation on a free surface, bore flows, stratified counter
current flow with steam (possibly gserheated) moving concurrent with saturated
liquid moving counter current to subcooled flow.

Combinations of the abow#escribed phenomena together define the performance of
various passive safety systems, integral system behaviour.

Problems in nuclear reactor safety where CFD simulation can brihgpereafits are
reviewed inNEA (20150. Many of these problemare related to nuclear passive
systems:

9 Difficulties in the application of CFD code® hydrogen distribution in
containment during a severe accident in a weteled reactor.

Direct-contact condensation of steam dischargatiecold waterpool.
Bubble dynamics in suppression pools.

Natural circulation in passive devices for debagt removal in liquid metal fast
breeder reactor (LMFBR).

1 Passive safeguard systems of-860, AR1 000 and APRL 400 reactors: core
makeup tanks and the residulaéat removaheat exchanger.
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9 Thermal stratification in cold legs of AB00, AR1 000 and APRL 400 reactors
under smallbreak LOCA conditions after the termination of the natural
circulation through the steam generators.

9 Passive decayeat removal systems in SBWR, ESBWR and SWRO0
reactors.

9 Passive system of residual power release in-tegiperaturgascooled reactor.
There are many difficulties in the application of CFD codesadinea few:

i The ®mmplexity and extent of the computational domain and quite different
scales in the domain can lead to problems with generation of computational
mesh. A overlycoarse computational mesh will not only lose resolution, but it
will smear the gradients of velocity, temperature and other variables through
numerical diffusion. Simulated phenomena might require very fine
computational mesh in some parts of the dom@igmands of simulation on
computational resources can be enormous. Appropriate grid size and
arrangement need to be evaluated in accordance with the Best Practice
Guidelines, NEA 20153.

1 Temporal discretisation is also an important issue, as accident transients must be
simulated over several hours, or even days, of physical time. On the other hand,
simulated phenomena might require very small time steps. Again, demands of
simulation on cormputational resources can be enormous.

9 Simulatiors of transients often requi@ exchange of information betweéme
CFD code and system code or 3D core physics code to represent the whole
modelled system. Complexities involved in specifying the boundary conditions
might arise. In the case of feedback between computational domains of the
codes, simulation with coupled OFcode and system code or 3D core physics
code might be necessary.

I Simulations of accident scenarios might require modelling reactor
systems/components that are not available in commercial CFD codes and must
be represented by custom numerical codes developed by the user.

1 The simulated flow can be physically complex, and the simulation might require
a numerical model of a physical phenomenon that is not available in the CFD
code. Such model must then be developed and validated by the user.

1 Two-phase flow solvers in CFD codes may not yet be considered mature enough.
Simulation of twephase flow with complicated momentum, heat and mass
transfer between phases can lead to solution divergence.

All concerned diffculties can be summaeid in the requirement for a proper validation

of each specific application using CFD to support safety demonstration. The validation
processalsoincludes the evaluation of uncertainties which is quite complex (cf. below
in deficiencies of CFD codes).

Deficiencies in CFxodes

Singlephase CFD tools exist thaiow are good enough to be applied with some
confidence to some safety issues, but the cost of CPU is high in reactor applications. The
requirement on uncertainty quantification still is the major difficulty since uncertainty
guantification methodologies amnot developed for CFD application to nuclear safety.
Most uncertainty quantification methodologies involve many calculations that could be
impracical due to high CPU cost, NERQ173.
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Two-phase CFD tools are less mature than sipbkse tools. Requirements on
verification and validation, and on uncertainty quantification induce even more work
than in singlephase scenario, andetlCPU cost is even larger, NERAQ173.

Most CFD codes for twphase or multphase multicomponent flows are based on the
multi-field approach, assuming that all fluids and phases are defined everywhere in the
flow field; this means, the fluids are interpenetrating. The spatial distributiotise of
different fluids or phases are determined by their relative local volume fractions. The
physical models of interfacial phenomena in most CFD codes are rather simple and
should be used with caution.

Some of the muliphase CFD codes have turbulence models forgdiaase flows, but

our current knowledge and experimental database on turbulence is very weak: we have
only a few turbulence data for the liquid phase in bubbly flow. This basis is not sufficie

to adapt, calibratandvalidate these models. For other flow regimes, data as well as
models are often missing. The rapid change of bubble diameters in-adiadatic
turbulent bubbly flow influences the liquid turbulence. Another related problemsoccu

in the missing wall functions and in the boundary conditions for the interface phenomena
at free surfaces. Thus, the turbulence modelling inghase flows can only be accepted

as a first step. The models can be used strictly only in an interpolativeem this means

in a parameter range, in which extensive validation was done before. R&D is necessary
to improve the models and to extend them for all flow regimes, so that more reliable
prediction capalities can be achieved, IAEAR0020.

In the past, most codes for nuclear applications with mphltise flows were developed
mainly in the large national research centres or in the industry, like ATHLET (GRS),
CATHARE (CEA), RELAP53D (INEEL, DOE). They have the advantage that the
required nukear specific modelling is included, and models and numeric were selected
according to the special requirements of nuclear applications. Now, commercial CFD
codes like CFX, FLUENT, STARKCM+ (and others) are becoming increasingly
suitable for nuclear appiations. None of those codes has all the models required flow
phenomena in innovative reactor systems; thus, it has to be decidechseby-case
basiswhich code should be used. This brings some concerns regarding the certification
effort when one is progressing towards a liceggirocedure of a reactor, IAER{141.

Computer power is, and will be for a near future, a limiting factor for the CFD codes to
produce comletely accurate results, IAERQ12. Simplified turbulence models must
beused,and the computer capacity puts restrictions on the resolution in space and time
that can be used in a CFD calculation. This leads to modelling and numerical errors that
could potentially give inaccurate results. Validation of the quality and trust efetiftf
approaches in CFD calculatioistherefore needed. The best practiaidelines (BPG)

for the use of CFD in nuclear reactor safety aygtions are recommended in NEA
(20153.

Coupling CFDcode withsystemcode

Certain phenomena in therrd@fdraulic transients may occur at a local scale, which
cannot be seen by the system codes. Coupling CFD code with system code can improve
the accuracy of predictions provided by the system code. The entire nuclear system
(powerplant) could be simulated by system code and detailed calculations of the selected
components addressing thid@ienensional phenomena (such as those occurring in
reactor downomerand lower plenum) could be performed simultaneously by CFD
code. Simulatinghe complete nuclear power plant solely by the CFD code would be
(very) challenging if not impossible nowadays.
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The use of coupled simulation tootases several question$EA (20173:

1 Both the system code and the CFD code must be verified and validated in the
domain of application.

The coupling itself must be verified.

The impact of boundary conditions given by the system code on the 3D process
of interest should be evaluated and should not greatly affect the results of
simulations.

9 The initial conditions in the CFD domain of simulation must be known with
sufficient accuracy to avoid too much uncertainty during the period of interest.

i The validation of the coupled simulation tool requires that the IET test has
sufficient measurements to validate both the system code for the whole system,
and the CFD code with local measurements in the domain of application.

Let us mention several issues, which must be addressed during development of coupling
interface between CFD and system code.

CFD code and system code solve their individual cases, and coupling is done via an outer
iteration. After each step or selected steps, boundary conditions and parameters are
changed. Because an ouitration is used, the problem of the optimum level of
explicitness of the coupling must be faced. Generally, explicit coupling is easy to
progranmecompared with implicit coupling but is more prone to numerical instabilities.

In most cases, CFD code and system code use slightly different equations of state. This
discrepancy has consequences on the solution. For example, saturated fluid leaving one
solution domain may appear in the other solution domain as either subcooled or
swerheated fluid having a different temperature in the receiving domain from its
temperature in the sending domain. Different equatibistate in the coupled codes can

lead to jumps in pressure and velocity at the coupling interface.

CFD code and system code might use different independent variables. For example,
specific internal energy is independent variable used in system code whereas the CFD
code uses enthalpy. Therefore, change in variables is required at the coupling interface.

The coupled system of codes should be able to handle a code failure for a given time
step size. Both codes signal whether a good solution was obtained. If either pnegram
requests restart with smaller tirsiep size, both progranesperform the backup and
proceed with a new timstep size. Therefore, the tirstep size will be decreased if
either programnerequests a reduction; however, the tistep size can only be increased

if both progranmes agree.

Example of CFED code coupled with system code and neutron kinetic code

UJV developed a coupled system of CFD code fluent and system thgrdnaulic code
ATHLET internally coupled with neutron kinetic code DYN3D. The coupling interface

is intended forthe simulation of complex transients such as mst@amline break
scenarios, which cannot be modelled separately: first by system and neutron kinetic code
and then by CFD code, because of the feedback between the codes. The interface uses
explicit coupling of overlapping computational domains. The coupling methddaa
demonstation simulation performed by the coupled system of ATHLET/DYN3D and
fluent are presented in an article by VyskaeecitiMacek 014). The architecture of the
coupled system can be derived fréiigure 3.9 as modified by Bousbia Sal#éin 2020

after personal communications to the lead author
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Figure 3.9. Architecture of the coupled system: Fluent CFD code,
ATHLET system code and DYN3D neuton kinetic code
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e
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ATHLET/DYN3D
Output Data
| Initial state

SourceBousbia Salah2020 (see also Vyskocil & Macekp14).
Examples of CEBimulations performed at UJV Rez

The following text presents CFD simulations performed at UJV Rez, @zékht are
related to the simulations of the nuclear passive systems.

a) Condensation of steam the presence of necondensable gases.
The custom condensation model was developed for the species transport model
in Ansys Fuent CFD code, Vyskocil et alR@14. The condensation model is
suitable for both compressible and incompressible flow é&sam mixture
with additional norcondensable gases. The performance of the condensation
model was tested on the CONAN experiments anthedi?ANDA Test 9bis
experiment with condensation. The results of CFD simulations of both CONAN
and PANDA experiments compared well with the measured data.

b) Thermal stratification and coolant mixing in the primary circuit of VVER
reactors.
Ansys Fluent CFD code is being used for simulations of thermal stratification
and coolant mixing in the primary circuit of VVER reactors during accident
scenarios that can possibly leaghtessuried thermal shock. The methods used
for theevaluation ofpressursedthermal shock at UJV Rez and selected results
are discussed by KralndVyskocil (2018.

c) Flow and heat transfer in a VVE®I0 spent fuel pool.
UJV performed several CFD simulations of flow and heat transfer in the spent
fuel pool at Dukovan\Nuclear Power PlarVER-440/213) during nominal
and accident conditions. The calculations were carried out with Ansys Fluent
code. Results from these calculations were used as a groundwork for analyses
of the Al oss of spent fuel pooldecool ingodo
Another set of CFD simulations were performed to assess a new design of
reserve racks in spent fuel pool.

Summary remarks

CFD codes are well suited for analysing singtese fluid flovs inside complex
geometries. The capabilities of CFD codes to simulatepiwase flow still are limited

due toa lack of maturity of physical models and due to the enormous demands on
computing power. CFD codes can simulate phenomena that occur in passive safety
systems such as thermal stratification and natural circulation. Coupling of CFD codes
with system codes oa(in principle and not necessarily) improve the accuracy of
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predictions provided by the system codes. However, validation is required for specific
geometries considering the TH parameters within their range of interest.

3.2.6.2 Coupling between TH system codes and containment codes

Besides the analysis of the cooling circuit during accident conditions of a nuclear power
plant, also the feedback of the containment may be of interest. However, most-thermal
hydraulic system codes have a lack of models regarding phenomena within the
containment, especially related to severe accildéike pool scrubbing, hydrogen
combustion or aerosol behaviour. Therefore, TH system codes and containment codes
are often coupled with each other.

For nuclear plants of PWR type up @eneration Il, the locations of the interface
between bth codes were easy to definethe case of a LOCA simulation one interface

is at the break point location. Other interfaces may be for heat losses from the primary
circuit into the containment or flow back into the cooling circuit due to pump systems.
Nevertheless, both codiwpes (i.eprimary system and containment) are correctly
simulating the domains, they were developed for.

For BWRs, and generally within Generation Il or Ill+, this distinction may lead to
difficulties. For example, many reactor desigdERENA, ESBWR, AP1 000R, etc.)
introduce large water pools inside or outside the containment used as a heat sink for
residual heat removal systems or as water reservoir for a passive flooding system.
Thermal stratification and 3D flows inside these pools may affect the ioehai the

heat exchanger. Free convection and subcooled or saturated boiling can occur. All these
phenomena would take place in the containment domain. If the used containment code
cannot predict these phenomena, the coupling interface has to be relocated in such a way
that the pool is simulated with the TH system code instead of the containment code.

Similar difficulties may arise, if passive heat removal systems are implemented inside
the containment in order to contitble containment pressure (e<iERENA, ESBWR,
HPR-1 000). Since containment codes may not be able to perform the simwaasioch

heat exchangers (eifno momentum equations are implemented), their behaviour may
be predicted by a TH system code, too.

Therefore, it is necessary for some Generation llI+ concepts to think about new
interfaces between the TH system code andctirgainment code, depending on the
capabilities of both codes. For example, the KERENA concept (FRAMATOME)
implements saalled flooding pools inside the containment working as heat sinks for
the emergency condensers and safety relief valve systems and as water reservoir for the
passive flooding systems. The containment cooling condensers are located above the
flooding pwls and are used for depressatisn inside the containment due to steam
condensation. The condensate is dripping back into the flogutiaty located below.

When using the code system Aftom GRS, which consists of the TH system code
ATHLET and the containment code COCOSYS, the coupling possibilities between both
codes have to be extended, since COCOSYS is not able to simulate the subcooled and
saturated nucleate boiling inside the flaagipools in combination with the simulation

of 3D flows. Although COCOSYS is able to calculate the 3D flow and thermal
stratification behaviour due to its CoPool model capabilities, it is not applicaide, s

no twophase flow can be simulated with this model up to now. Therefore, the flooding
pool has to benodelled with ATHLET (e.gby the available 3D model). Since the
flooding pools are open at the top to the containment atmosphere, the coupling interface
has to be implemented above the pool. One possibility would be to couple both codes
directly at the liquid level of the pool. Hawer, such an interface would need to change

its location due to dnges in the liquid level (e.flooding of the reactocore, heating
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up the water inventory, boiling) and would be very unstable, in the case that boiling
occurs. A suitable interface could be introduced slightly above the liquid level within the
gas phase. The simulation of movement of the interface would not be needed.

Another point is the simulation of the containment cooling condensers above the
flooding pools. Up to now, the COMO model of COCOSN&s beerable to predict

only in simplified form the performance of the condensers. In order to catch the unsteady
behaviour of the condensers, the capabilities of ATHLET are needed.

Therefore, also here a new interface has to be introduced. Since the containment cooling
condenser is located most likely inside a COCOSY'S control volume it has to be decided,
whether the containment code is calculating the heat transfer at the outee sdrfze
condenser or the TH system code. In the latter case, it has to be ensured that the
condensate from the TH system code is transferred correctly to the containment code.

Obviously, one could decide to simulate the whole plant with the TH system code and
omit the containment code, since some of the important systems within the containment
would be calculated by the TH system code already. In that way, no coupling would be
necessary. Such a way would be thinkable, when only désigis accidents are
simulated without release of fission products into the containment. However, during
severe accidents, special models of the containment codes are needed, which may not be
featural by the TH system codes (special iodine chemistry models, aerosol behaviour,
hydrogen combustion models, pool scrubbietg.). Therefore, coupling between TH
system code and containment code might still be needed, depending on the special case,
which has to be simulated.

Due to coupling between containment code and system code, numerical stability is a
very important issue. While containment codes usually use large control volumes,
system codes use smaller sizes. Pressures evaluated within the control volume centres
may nd suit adequately to the interface junctions, which may lead to numerical
instabilities. Furthermore, the numerical coupling method is of high importance:
coupling of both codes explicitly can lead to low computer cost, but may lead to
instabilities, if the flow is simulated not only in one, but also in both directions. This
issue may be addressed by using a dgpplicit solution by iterating each time step
several times, or by a fully implicit approach where differential equations are solved
simultaneousl for primary system and containment. The second approach, in terms of
numerical solution may be the most stable possibility; however, it implies a larger
computational effort.

3.3. Methods for the reliability assessment of passive systems and their
application

In Section 3.2,the challenges to be addressed when attemptmgaptue the
characteristics of passive systewith simulation codesverediscussed. Uncertainties
(usually much larger than those associated to active systems) affect both the performance
and modelling of passive safety systemsaking the reliability/failure probability
assessment of nuclear passive systems more difficuitftineactive systems, Burgazzi
(20073, Burgazzi 20079, and Burgazz{20079.

In Section 3.3.1, the sources of uncertainties are described, namely: i) the intrinsically
random nature of several of the phenomena ocgurdoring system operation
(e.g.component degradation; failures, or more generally, stochastic transitions between
different performance states); ii) the incomplete knowledgeutalsmme of the
phenomena (e.glue to lack of experimental results). Those sources of uncertainties
must be considered for a realistic assessment of the system reliabilitg/faibbability,
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Helton et al.(2006; Zio andPedroni 20093; Zio andPedroni 20091, and Pourgel
Mohammad et a(2010.

Approaches for the reliability analysis of nuclear passive systems are described in
Section 3.3.2; inSection 3.3.3, the advanced Monte Carlo simulation approaches are
introduced; in Section 3.3.4 the existing eordinated procedures for reliability
evaluation are presented. Finally, open issues are discussed in Section 3.3.5.

3.3.1.Sources and types of uncertainties in the performance and modelling of
nuclear passive systems

The quantity of uncertainties affecting the operation of thé Fassive systems affects
considerably the relative process devoted to reliability evaluation, wigtriobeabilistic
safetyanalysis framework, as recogeisby Apostolakis et al2005.

To perform their accident prevention and/or mitigation function$] passive safety
systems rely exclusively on natural forces that are gravity and density difference, not
generated by external power sourcisce the small magnitude of the engaged natural
forces, which drive the operation of passive systems, is relatively s:oaiiterforces
(e.g.friction) can have a significant impact upon the systems performance which is
generally not the case for pumguipped systems and cannot be ignored (as it is
generally the case with pumped systems).

Moreover, there are significant uncertainties associated with factors on which the
magnitude of these forces dartounterforcesdepend (e.gvalues of heat transfer
coefficients and pressure losses). In addition, the magnitude of such natural driving
forces depends on specific plant conditions and configurations that could exist at the
time a system is called upon to perform its safety function

The uncertainties in TH passive systems address the deviations of the system
performance from the expectation, mainly because of the onset of tHerdnallic
phenomena infringing the system performance or causing changes in the initial/boundary
(or design) conditions of system operation, so that the concerned passive systems may
fail to meet the required function. Indeed, many uncertainties arise, when addressing
these phenomena, most of them being almost unknown due mainly to the paucity of
operational ad experimental data and, consequently, difficulties arise in performing a
meaningful reliability analysis and deriving credible reliability figures. This is usually
designated as phenomenological uncertainty, which becomes particularly relevant when
innovative or untested technologies are applied, eventually contributing significantly to
the overall uncertainty related to thdiability assessment, BurgazzZ2q04). With
reference to naturalrculation passive systems (itbermathydraulic passive systes),

the coolant flows predicted to be delivered by these systems can be subject to significant
uncertainties, which in turn can lead to a significant uncertainty in the predicted thermal
hydraulic performance of the plant under accident conditions.

Thi s Adé&ceteillol dsorces the analyst to resort t
expert judgement largely and tmsethe analysis upon plausible assumptions and

realistic simplifying approximationdNotwithstanding theheoretical support for the

validity andacceptance of such methods by the scientific commuhit/procesmakes

the results conditional upon the elicitation process and supporting hypothesis

Since data uncertainty is being treated without the possibility to use information from a
likelihood function, the simplest form of prior knowledge is based on plausible
considerations. Such considerations provide for instance limits beyond ivbérhbe
justified thatthe fixed trugwhich still remain@nunknown parameter valueannot lie.
Additional information may justify not irsg a uniform distribution over the intervals
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derived from the limits but choivgy a subjective probability distribution that exhibits
some characteristic behaviour towards the endpoints of the interval (for instance a
triangular or truncated normal or lognormal distribution).

The assignment of range or the probability distributions pertaining to the relevant

parameters, mostly based upon expert judgement and engineering assessment, is the

most suitable method to address the pdhe: definition of the characteristics of those

distribution functions, requires the epto make some choices (eegaluation of mean

values and maximal errors), so that, in turn,
Clearly this is deemed a critical issue that ought to be fuetkeeminedn order to add

credit to the development of a methodology aimed at assessing the reliability of passive

systems and to foster and qualify the predicted results.

There are two facets to uncertainty that, because of their natures, must be treated
differently when creating odels of complex systems, ital eat or yo and dAepi st
The aleatory uncertainty is that addressed when the phenomena or events being modelled

are charactersd as occurring in a fArandomd or fistocl
models are adopted to describe their occurrences. The epistemic uncertainty is that
associated with the analystés confndidence in t

reflects the analystbs assessment of how well
to be modelled. This has also been referred to asaftéd®owledge uncertainty, which

is suitable to reduction as opposed to the aleatory, which is, by it pateducible.

The uncertainties concerned with the reliability of passive systems are both stochastic,

because of the randomness of phenomena occurrence, and of epistemic nature,
i.e.related to the state of knowledge about the phenomena, because latkhof

significant operational and experimental data.

It is worth noticing that the overall uncertainty relating to therhyalraulic analysis
consists of two distinct classesee e.glAEA (2009 , and Do®WiUXx i a [ Ed. ] (

9 Uncertainties related to oelations, data and codes needed for the deterministic
description and evaluation tife mission (i.eassessment by therriaydraulic
code).

1 Uncertainties related to natural circulation performance.

With reference to the former class, uncertainties may have different origins: ranging
from the approxnation of the models charactanig any physical phenomena, to the
approximation of the numerical solutions, to the lack of precision of the values adopted
for boundary and initial conditions, and to the parameters that are the input to the
phenomenological models, in addition to the eodser effect for the numerical
simulation of the plant (as for instance the nodalisation of the plant). The amount of
uncertainty that affects a calculation strongly depends upon the involved area in the
technology and upon the sophistication of the adopted models and modelling techniques.
Consequently, various methodologies have been developed in order to evaluate the
overdl uncertainty in the physical model prediction and some efforts have been made
aimed at the internal assessment of uncertainty capability for thlpaaulic codes,

D6 Aur i 200@, and Ahn et ald000.

These specific uncertaintieglated to the 9H codes (e.gRELAP), utilised to evaluate
the system performance during transient analysispfaepistemic naturegandin turn
affect the overall uncertainty the T-H passive system performance and impinge on the
final sought reliability figure.

With regard to the second category, literatoeéore2019about the use of probabilistic
methods as a way to take into consideration uncertaintieglipdssive system analysis
became more and more comprehensive in an attieroffer an efficient framework for
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the incorporation of uncertainty into passivesteyn design; e.gee BurgazziZ004);
Burgazzi 2007hH, and Apostolakis et al2005. Notwithstanding this, it is worth noting
that if the physical phenomena are relativesillknown as described in IAEA2005),
IAEA (2009), and IAEA (2012, their representation within probabilistic studies is
relatively rare.

The approach described by BurgazZ004, allows identifying the uncertainties
pertaining to passive system operation in terms of critical parameters driving the modes
of failure, as, for instance, the presence of-oondensable gas, thermal stratification
and so on. In this context, theritical parameters are recogmis as epistemic
uncertainties.

A further development step can be foundBargazzi 007): the author attempts to
assign sound distributions to the critical parameters to further develop a probabilistic
model and a failure distribution function. Abey areof common use when the
availability of data is limited, subjective probability distributions are elicited from
expert/engineering flgementprocedurs to characteris the critical parameters. The
following classes of uncertainties to be addressed are identified:

1 Geometrical properties: this category of uncertainty is generally concerned with
the variations between the-hsilt sydem layout and the design utéid in the
analysis This is very releant for the piping layout (e.guction pipe inclination
at the inlet of the heat exchanger, in the isolation condenser reference
configuration) and heat loss modes of failure.

1 Material properties: material properties are important in estimating the failure
modes concerning for instance the undetected leakages and the heat loss.

9 Design parameters, corresponding to the initial/lboundary conditions (for
instance, the actual values taken by design parameters, like the pressure in the
reactor pressure vessel).

1 Phenomenological analysis: the natural circulation failure assessment is sensitive
to uncertainties in parameters and models used in the thbyahaulicanalysis
of the system. Some of the sources of uncertainties indwudere not limited
to, the definition of failure of the system used in the analysis, the simplified
model used in the analysis, the analysis method and the analysis focus on failure
locations and modes and finally the selection of the parameters affecting the
system performance

The first, second and third groups are part of the category of aleatory uncertainties

because they represent the stochastic variability of the analysis inputs and they are not
reducible. The fourth category is referredasthe epistemic uncertainties, due to the

lack of knowledge about the observed phenomenon and thus suitable for reduction by
gathering a relevant amount of information and data. This class of uncertainties must be
subjectively evaluated since no completeeistigation of these uncertaiegiis available.

Zio and Pedroni 20099, provide a clear prospect of the uncertainties, taking into
account that the overall uncertainty is bothaafaleatory and epistemic character, as
shown inTable3.5. As highlighted above, clearly the epistemic uncertainties address
mostly the phenomena underlying the passive operation and the parameters and models
used in the thermdlydraulic analysis of the system (including the ones related to the
best estimate co)leand the system failure analysis itself. Some of the sources of
uncertainties include but are not limited to the definition of failure of the system used in
the analysis, the simplified model used in the analysis, the analysis method and the
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analysis focus of failure locations and modes and finally the selection of the parameters
affecting the system performance.

Table 3.5. Categories ofuncertainties associated with TH passive
systems reliability assessment

Aleatory
Geometrical properties
Material properties
Initial/boundary conditions (design parameters)

Epistemic
T-H analysis
Model (correlations)
Parameters

System failure analysis
Failure criteria
Failure modes (critical parameters)

SourceZio and Pedroni (2009c).

3.3.2.Approaches for theeliability analysis of passive systems

It is acknowledgedhat there is a nenegligible likelihood for a passive system to
perform below the expectation, and ultimately to fail to achieverdljeired safety
function (i.e.reactivity control, decay heat removal and confinement of radioactive
products).

Consequently, many efforts have been devoted mostly to the development of consistent
approaches and methodologies aimed at the reliability assessment eHtpasBive
systems, with reference to the evaluation of the implemented physical principles
(gravity, conduction, etc.). For example, the system fault tree in case of passive systems
would consist of basic events, representing failure of the physical phenomena and failure
of activating devices: the use of thershgldraulic analysis related informatidor
modelling the passive systems should be considered in the assessment process.

As a result, up to now, a variety of appropriate methodologies for the evaluation of this
reliability has been put forward, IAEA2012, which can be founth open literature,
Zio et al. 009q. In general, the reliability of passiggstems depends upon:

1 the environment that can interfere witte expected performance (ermgernal,
external or environmental influenge)

1 the physical phenomena that can id&sy from the expectation (egxceeding
the range of experience during severe accidents)

9 passive componerdreliability reflecting that a passive component of the system
may fail to meet theequired passive function (elgakage or blockage).

This is particularly relevant as far as the type B passive systems are concerned: their
reliability refers to the ability of the system to carry out a safety function under the
prevailing conditions when required and addresses mainly the related perfermanc
stability. In general, the reliability of passive systems should be seen from two main
aspects:

1 systems/components relility (e.g.piping, valves),as, for instance, the
failure to statrup the system operation (edyainvalve failure to open);
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1 physical phenomena reliability, which addresses mainly the natural circulation
stability, and the proneness of the system to the failure is dependent on the
boundary conditions and the mechanisms needed for maintaining the intrinsic
phenomena rather than component malfunctions.

The first facet calls for wekngineered safety components with at least the same level
of reliability as of the active one3he second aspect is concerned with the way the
physical principle (gravity and density difference) operates and depends on the
surrounding conditions related to accident development in terms of thieyairalilic
parameters evolution (i.eharacteristic parameters as flow rate and exchanged heat
flux). This could require not a unique unreliability figure, but the unreliabilityetoeo
evaluated for each sequence following an accident initiator, or at least for a small group
of bounding accident sequences, enveloping the ones chosen upon similarity of accident
progress and expected consequences: with this respect tiganallic analysis of the
accident is helpful to estimate the evolution of the parameters during the accident
progress. These two concurrent aspects should be conveniently worked out in order to
achieve a consistent approach. In the forthcoming sectitirtheae cocepts will be
comprehensively expanded to properly address the passive system assessment topic.
Initially three different methodologies have been proposed by ENEA (ltalian National
Agency for NewTechnologies, Energy and Sustainable Economic Development)

It is worth noticing that not all these three approaches take into consideration explicitly
the starup failures, rather focusing on passive system performance assessment, upon
onset of system operation.

3.3.2.1 The independent failure modes approach

In the first methodology, Burgazz2Q073, the failure probability is evaluated as the
probability of occurrence of different independent failure modes, a priori identified as
leading to the violation of the boundary conditions or the physical mechanisms needed
for successful passive system opiera The unavailability of the system is evaluated in
terms of critical parameters, as drivers of the modes of failure, as resulting from the
application of a welbtructured procedure commonly used for hazardtifieation in

risk assessment, known as failure mode and effect an@ijiSA). For instance, the

list of the critical factors includes the nonndensable gas builth, the undetected
leakage, the heat exchange process reduction as surface oxidation, piping layout, thermal
insulation degradation, etc.

This approach based on independent failure modes introduces a high level of
conservatism, as it appears that the probability of failure of the system is relevantly high,

because of the combination of various modes of failure as in a series system, where a

single fault is sufficient to challenge the system performance. The correspondent value

of probability of failure can be conservatively assumed as the upper bound for the
unavailability of t hecowrsttde nr,e lwiia thiilni tay segstti m

Since the failure of the physical process is addressed, the conventional failure model
associged with the basic events (i@ponentiale T & tafailure rate,t mission time),
commonly used for component failure model (based on statistical data), is not applicable:
each pertinent basic event ¢haracterisd by defined critical parameters and the
associated failure criterion. Thus, each basic event model pertaining to the relevant
failure mode requires the assignment of both the probability distribatidnfailure

range of the correspondent parameter.
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In order to evaluate the overall probability of failure of the system, the single failure
probabilities are combined according to:

Pa= 1.0 ((1.0- Pe)*(1.0 - Pe)*...*(1.0 - P&)))

where:
Pea = overall probability of failure
Pe; throughPe, = individual probabilities of failure pertaining to each failure

mode, assuming mutualhon-exclusive independent events

Thus, for a passive system wittmutually independent failure modes, the total failure
probability is computed as for a series system with n critical elements so that each failure
sums up to the system failure probability.

3.3.2.2 The hardware failure modes approach

In the second methodology, Burgaz2002, modelling of the passive system is
simplified by linking the unreliability models of the hardware components of the system:
this is achieved by identifying the hardware failures that degrade the natural mechanisms
upon whichthe passive system relies and associating the unreliability of the components
designed to assure the best conditions for passive function performance.

For example, with reference to a typical natural circulation,-ghase flow loop
consisting of a heat exchanger immersed in a pool and linked to the pressure vessel by
means of piping, as the Isolation Condenser, natural circulation failure due to high
concentration of noitondensable gas is modelled in the form of vent lines failure to
purge the gases.

Two likely modes of failure are considered to assess natural circulation failure because
of insufficient heat transfer to external source: 1) insufficient water in the pool and
makeup valve malfunctioning; 2) degraded heat transfer conditions due to heat
exchanger pipe excessive fouling.

Thus, the probabilities of degraded physical mechanisms are reduced to unreliability
figures of the components, whose failures challenge the successful passive system
operation, once introduced the correspondent failure rates. If, on the one hand, this
appoach may in theory represent a viable way to address the matter, on the other hand,
some critical issues arise with respect to the effectiveness and completeness of the
performance assessment over the entire range of possible failure modes that the system
may potentially undergo and their association to corresponding hardware failures. In this
simplified methodology, degradation of the natural circulation process is always related
to failures of active and passive components, not acknowledging, for iastame
possibility of failure just because of unfavourable initial or boundary conditions. In
addition, the fault tree model adopted to represent the physical process decomposition is
used as a surrogate model to replace the complaxcdde that models ¢hsystem
behaviour. This decomposition is not appropriate to predict interactions among physical
phenomena and makes it extremely difficult to realistically assess the impact of
parametric uncertainty on the performanf¢he system StorliandHelton 008, and

Storlie et al. 2009.

3.3.2.3 The functional failure approach

The third approach is based on the concept of functional failure, within the reliability
physics framework of loadapacity exceedance, BurgazZ2003. The functional
reliability concept is defined as the probability of the passive system failing to achieve
its safety function as specified in terms of a given safety variable crossing a fixed safety
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threshold, leading the load imposed on the system to overcome its capacity. In this
framework, probability distributions are assigned to both safety functional requirement
on a safety physical parameter (for example, a minimum threshold value of water mass
flow required to be circulating through the system for its successfulrpenfice) and
system state (i.¢he actual value of water mass flow circulating), to reflect the
uncertainties in both the safety thresholds for failure and the actual condititms of
system state. Thus, the mission of the passive system defines which parameter values
are considered a failure by comparing the corresponding PDF according to defined safety
criteria. The main drawback in the last method devised by ENEA lies in #éaisgl

and definition of the probability distributions that describe the characteristic parameters,
based mainly on subjective/engineering jeiagnt

The approach based on the functional reliability concept, defined as the probability to
fail the requested mission to achievgeneric safety function (i.decay heat removal),
introduces the resistanstress(R-S) model taken from fracture mechanics, where, in
the present functional model, R and S are coined as expressions of functional
requirement and system state, (for example water mass flow circulating through the
system should be accounted for as physicalntityadefining the passive system
perfomance) and probability distribution functions are assigned to both R and S
guantities in the functional model; thus the mission of the passive system defines which

parameter values are considered a failure by comparing the corresponding PDF
according to diined safety criteria.

The functional failue concept is illustrated iRigures 310 and 311.

Figure 3.10. Allowable mission for a passive system
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Figure 3.11. Mission failure for a passive system
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3.3.3.Advanced Monte Carlo simulation approaches

A classical approach to estimating tlactional failureprobability P(F) of a passive
system (see Section 3.3.2) stems from the deterministic modelling of its thermo
hydraulics (FH) by a computer code (mathematically represented by the nonlinear
functionf(-)) and the subsequent Monte Carlo (MC) propagation of the uncertainties in
the code inputg, described by properly identified probability density functions (PDFs)
g(x), to some model outpuys= f(x), with respect to which the failure event is define
The propagation is based ogpeatedcomputer runs (or simulations) of theHI code

f(+) in correspondence to different sets of the uncertain input vaksrapled from their
PDFq(x); see e.gMarques et al2005; Pagani et al.2005; BassiandMarqués 2008);
Mackay et al. 2008; Patalano et al.2008; Mathews et al. 008; Mathews et al.
(2009; Mathews et al(2011); Fong et al.Z009; Arul et al.(2009; Arul et al. 010,

and Mezio et al(2014).

This approach provides in principle the most realistic assessment ofHhpagsive
system, thanks to the flexibility of MC simulation, which does not suffer from ady T
model complexity and, therefore, does not force to resort to simplifying approxmsati

On the other hand, it requires considerable and often prohibitive computational efforts.
The reason is twofold. First, a large number of-8#npled TH model evaluations must

be generally carried out for robust failure probability estimation. Inquéati, since the
number of simulations required depends on the magnitude of the failure probability to
be estimated, with the computational burden increasing with decreéainge
probability, Schuellerd007), and Schueller2009), this poses a significant challenge for

the typically quite small (e.dess than 10) probabilities of functional failures of-H
passive safety systems. Second, long calculations (several hours) are typically necessary
for each run of the detailed, mechanisti¢iTcode (onecode run is required for each
sample of values drawn from the uncertainty distribjpfrong et al. 2009, and
PourgotMohammad et al.2010.

Thus, efficient simulation techniqgues must be sought to perform robust failure
probability estimations, while reducing as much as possible the numbeHafole
simulations and the associated comagional time, ZicandPedroni 2011, and Zioand
Pedroni 2012.

Two families of methods are typically employed to address these issues. On one side,
fastrunning surrogate regression models (also called response surfaces or metamodels)
can be properly built to mimic the response of the originkl model code. Since ¢h
metamodel is, in general, much faster to be evaluated, the problem of long computing
times is circumventedExamples include polynomial respensurfaces (RS), Kartal et

al. (2011, polynomial chas expansions, Kersaudy et 2015, stochast collocatons,
Babuska et al2007), artificial neuralnetworks (ANN), Pedroni et al2010, Zio et al.

(2010, SupportVector Machines (SVM), Hurtada2Q07), and kriging, Bect et al.
(2012, (see 8sction 3.3.5.2 for details).

On the other side, advanced Monte Caittoulation methods can be adopted to realis
robust estimations by means of a limitegnberof random samples, RubirsmdTuffin
(2009, and ZioandPedroni 20108. The focus below igut onthis class of methods.

One such technique is stratified samplii5) This technique requires dividing the

sample space into several roverlapping sub e gi ons (referred to as
calculating the probability of each subgion; the (stratified) sample is then obtained by

randomly sampling @redefined number of outcomes rftoeach stratum, Heltoand

Davis 003, and CacucandlonescuBujor (2004. By so doing, the full coverage of

the sample space is ensured while maintaining the probabilistic character of random
sampling. A major issue related to the implementationSlfie3 in defining the strata
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and calculating the associated probabilities, which may require considerable a priori
knowledge. As a remark, notice that the widely used event tree techniques in nuclear
reactor probabilistic risk assessment (PRA) can be seen amgedimd implementing

SSof accident events and s@ios, CacucandlonescuBujor (2004).

A popular compromise betwa plain random sampling (i.standard MCS) and
importance/stratified sampling is offered by latin hypercube sampling (LHS), which i
commonly used in PRA, Morri2000, for efficiently generatingandom samples,
Helton and Davis 003, Helton et al. 2005, and Sallaberry et al.2008. The
effectiveness of LHS, and hence its popularity, derives from the fact that it provides a
dense stratification over the range of each uncertain variable, with a relatively small
sample sizewhile preserving the desirable probabilistic features of simple random
sampling; moreover, there is no necessity to determine strata and strata probabilities like
in SS Helton and Davis R003. For these reasons, LHS is frequently adopted for
efficiently propagating epistemic uncairties in PRA problems, Helton (1998), and
Helton and Sallaberry 2009. On the other hand, LHS is very efficient for estimating
mean values and standard deviations in complexbiktya problems, Olsson et al.
(2003, but ony slightly more efficient than standard MCS for estimating small failure
probabilities, Pebesmand Heuvelink (999, like those expected for passive safety
systems.

Sulset simulation (SS), AandBeck 001); Au andBeck 0031, and AuandWang
(2014, and line samptig (LS), Koutsourelakis et al2Q04, and Pradlwarter et al.
(2009, have been proposed as advanced Monte Garldation methods for efficiently
tackling the multidimensional problems of structural reliability. These methods have
proved efficient also in the estimation of the functional failure probabilityldfpgssive
systems, ZiandPedroni 20093; Zio andPedrani (2009h); Zio andPedroni(20103,

and Wang et al2015. Indeed, structural reliability problems are also formulated within
a functional failure framework of analysis, in which the systems fadnever the load
applied (i.ethe stress exceeds their capacity (i#he resisince), Schuelleland
Pradlwarter2007). This makes the two methods suitable for application to the functional
reliability analysis of nuclear passive systems, where the failure is specified in terms of
oneor more safety variables (etgmperatures, pressures, and flow rates) crossing the
safety thresholds specified by the reguaigiauthorities, Mackay et aRQ08; Mathews

et al. 009, and Patalano et aRk@08.

More specifically, in the SS approach, the failure probability is expressed as a product
of conditional probabilities of some chosen intermediate and thus more frequent events.
The problem of evaluating the small probabilities of functional failures & ténekled

by performing a sequence of simulations of more frequent events in their conditional
probability spaces; the necessary conditional samples are generated through successive
Markov Chain Monte Carlo (MCMQyimulations, Metropolis et al1953, in a way to
gradually populate the intermediate conditional regions until the final functional failure
region is reached.

In the LS method, lines, instead of random points, are used to probe the failure domain

of the highdimensional problem undanalysis, Pradlwartereta2Q05. An fi mpor t ant
directiond is optimally determined to point t
number of conditional, ondimensional problems are solved along such direction, in

place of the higldimensioml problem, Pradlwarter et aRq05. The approach has been

shown to perform better than standard MCS in a wide range of relialgiptications

see e.gKoutsourelakis et al2004); Schueller et al.2004); Pradlwarter et al.2005;

Pradlwarter et al2007); SchuellemndPradlwarter2007); Lu et al.(2008; Valdebenito

et al. 010; Zio andPedroni 2009; Zio andPedroni 20103, and Wang et a(2013.

Furthermore, if the boundaries of the failure domain ofr@gieare not too rough
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(le.al most l inear) and the Ai mportant directior
variance of the failure probability estimator could be ideally redutedzero,
Koutsourelakis et al2004).

Finally, the advanced MCS method that is adopted more frequently is perhaps
importance sampling (IS), where the original Rig® of the uncertain inputs is replaced

by a proper importance sampling density (I9X): this favours the MC samples to lie
close to the failure region, thus artificially increasing the frequency ofdhe) failure

event, AuandBeck 003h, and Au 2004. In this respect, it is possible to show that
there is an optimal (ideal) 1ISB*(x) that makes the standard deviation of MC
estimator equal to zero. On the other hand, this optimal ISD cannot be used in practice,
because its mathematical expression contains the (a priori unknown) failure probability
itself. Within this context, several techniques in various fields of reBdzave been
proposed to approximatethei de al 0 opt i thedaptivek®nel (AKg Ay, e . g.
and Beck (1999, and Morio 2012, the crossentopy (CE), Rubinsteirand Kroese

(2004, De Boer et al.Z005, and BotevandKroese 2008, thevarianceminimisation

(VM), AsmusserandGlynn (2007), and the Markov chain Monte CatsgMCMC-IS),

Botev et al. 2013, methods.

In this section, the adaptive metametlaked subset importance sampling S\6)

method, origindy developed by Pedrorand Zio (2017, is suggested to address the
issue. In the approach, the characteristics of several advanced methods of literature (see
above) arecombined In particular, SS and metamodels (in this case, artificial neural
networks(ANN) are coupled within an adaptive IS scheme in thefalg two stages,

Botev et al. 2013, and PedrorandZio (2017):

1. arandommsampleapproximatelydistributed as the ideal, zevariance 1SDy*(x) is
created by resorting tte subset simulation (SS) technigiiotice that at the step
we substitute the expensiveH codef(x) with an ANN metamodela@daptively
refined in the areas close to the failure region by means of the sdtepddisely
produced by SS), with the aim of reducing the related computational burden. Then,
we adopt dully nonparametricPDF (proposed bfotev et al. 2013, andrelying
onthe GibbsSample) t o Afito the sampl eestimatorer eby gen

@& (x) for the optimal ISD

2. the quasiptimal ISD estimato@::'(x) built at step (1) above is adopted to perform

importance sampling (IS) arassess the functional failure probabif{F) of the T
H passive system.

Notice that the idea of Ainterlacingd met amod
already proposed in the literature for decreasing the computational burden associated to

the quantification osmall probabilities: see, e.Bchard et al(2011); Echard et al.

(2013; Bourinet et al.Z011); Dubourg et al.Z013; FauriatandGayton 014); Cadini

et al. (2014, and Cadini et al.2015. In these works, the metamodel is built and

progressively refine@by means of samples generated by the advanced MC technique)

in proximity of the system failure region of interest to the analysis.

For completeness, we report some of the regtdts the work by Pedronand Zio
(20179, in which the AMSIS method is applied for the estimation of the small functional
failure probabilityP(F) of the passive decay heat removal system of acgaled fas

reactor (GFR), Pagani et aRQ05 (notice that in this example(F) = 1.7BA89A10
detailed description of the system is not reported here foitp(eetails in Pagani et al.
(2009).
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Further, the benefits coming from the use of the proposed metiredshown by
comparing the computational efficiencies of the following simulation methods:

I.  standard Monte Carlo simulation (MCS);
Il. latin hypercubesampling (LHS), HeltomndDavis 003;

M. classical i mportance sampling (I S), where
adoptedcenr® o©hethe | SD in the standard nor
refer to this ¢chnique as KPes), AuandBeck 0033, and Au 2004;

IV. adaptive kernebased importance sampling (AK), where we build an
estimator of the ideal, zenariance ISD on the k& of a weighed sum of
(optimised) Gaussian kernels cezd on some failure samples proddcky a
Markov chain, AuandBeck (1999, and Morio R012);

V.  subset simulation (SS), AandBeck 001), and AuandBeck 0038;
VI.  optimised lire sampling (LS), Zi@ndPedroni 20103;

VII. 2SMART algorithm, Bourine et al. (2011), where SS and support vector
machines (SVM) are combined in an original active learning scheme.

Details about approachesvij) are not given here for brevity: the interested reader is
referred to the cited references.

In order to properly represent the randomness of the probabilistic simulation methods
adopted and provide a statistically meaningful comparison between their performances
in the estimation of the system failure probabif{F), S= 2000 independent runs of
each method have been carried out. In each simulation 1 , S2we hag&e, obtained

an estimatelJﬂ_:(F)SNT of the functional failure probabiliti?(F) (whereNr is the number

of MC samples employed). As a performance index, we have then computed the figure
of merit (FOM), defined as

— r 1 "
R

where s[FE(F)NT] is the empirical standard deviation of the failure probability

estimator (calculated usin&F)L\'T,s= 1, S2andt.g,,isthe computational time

e

required by the simulation method. Sincsez[lﬂF)NT]
t ’ N; , the FOM is almosndependenof Nr. Obviously, the higher the FOM, the

comp

higher the computational efficiency of the approach.

N; and, approximately,

The values of the FOM obtained by the concerned simulation methagisemen Table
3.6.

It can be seen that the overall computational efficiency of#{Blis consistently higher.

The FOM is about 2 to 210 times | arger than t
vi), whereas it is eve@itimes| ar ger t han that of thi® fcl assi ca
the performance of ttiSMART algorithm (vii) is instead comparable. In addition, the

results obtained in this particular case study seem to confirm the possibility of obtaining

estimates of small failure probabilities by the AIS method vith a very small number

of calls to the original, longunning code. Around 50§imulations have turned out to

be sufficient for assessing a failure probability of the order df 10
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Then, based on the satisfactory performances obtained bglSMwe are allowed to
formulate a positive statement with respect to the possibility of applying the approach
(and, in general, advanced MC methods) to other realistic, nonlinear and non
monotonais problems of interest in nuclear passive systems risk analysis.

Table 3.6. Values of the FOM obtained by methods +yii) and
AM -SIS, Pedroni and Zio (2017

Method FOM
Standard MCS (i) 8
LHS (ii) 9
IS-Des (iii) 8 .
AK-IS (iv) 1.
5
4
1
1

SS (v)
Optimised LS (vi)
2SMART (vii)
AM-SIS

O|ICO(O (R [(NN|RL|O
o|n|uo|o|lo|w|s|o
R[S |09 | BB |0z | ot
o|h|o|n|d|o|w|~

3.3.4.Procedures for reliability evaluation

The primary significant effort to quantify the reliability of such systems is represented
by a methodology known asliability evaluation of passive systefiREPAS, Jafari et

al. (2003, which has been developed in late 1990spperatively by ENEA, the
University of Pisa, the Polytechnic of Milan and the University of Rome, which laid the
basis of the subsequent European Union (Egliability methods for passive systems
(RMPS project. This methodology is based on the evaluation of a failure probability of
a system to carry out the desired function from the epistemic uncertainties of those
physical and geometric parameters that can cause a failure of the system.

The RMPS methodolgg described in Marques et a2009, was developed to address

the following problems: 1) Identification and quantification of the sources of
uncertainties and determination of the important variablespr@pagation of the
uncertainties through thermhldraulic (T-H) models and assessment of passive system
unreliability, and 3)introduction of passive system unreliability in accident sequence
analyses. In this approach, the passive system is mddajlea qualified TH code
(e.g.CATHARE, RELAP) and the reliability evaluation is based on results of code runs,
whose inputs are sampled by Moi@arlo (M-C) simulation. This approach provides
realistic assessment of the passive system reliability, thanks to the flexibility of@he M
simulaion, which adapts to -H model complexity without resort to simplifying
approximation. In order to limit the number ofHl code runs required by 1@
simulation, alternative methods have been proposed such as variance reduction
techniques, first and secoondler reliability methods and response surface methods. The
RMPS methodology has been successfyllpliad to passive systems utilig natural
circulation in different types of reactors (BWIRWRandVVER). Lorenzo et al.Z011),

present a complete example of application concerning the passive residual heat removal
system of a CAREM reactor.

The RMPS methodology tackles also an important problem, which is the integration of
passive system reliability into a PSA studge also &ction 3.3.3). So far, in existing
innovatve nuclear reactor projects P§SAonly passive system components failure
probabilities are taken into account, disregarding the physical phenomena on which the
system is based, such as the natural circulation. The first attempts performed within the
framework of RMPS have taken into acat the failures of the components of the
passive system as well as the impairment of the physical process involved like basic
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events in static event #eas exposed by Marques et 20@5. Two other steps have
been identified after the development of the RMPS methodology where an improvement
was desirable: (1) the inclusion of a formal expert @rdgnt(EJ) protocol to estimate
probabilistic distributions for parameters whose values are either sparse or not available,
and (2) the use of efficient sensitivity analysis techniques to estimate the impact of
changes in the input parameter distributions enréhiability estimates.

R & D in the United States on the reliability of passive safety systems has not been as
active at least until mi@000. A few published papers from the Massachusetts Institute
of Technology (MIT) demonstrated the development of approaches to the issime. The
technique examined-MH uncertainties in passive cooling systems for Generatien IV
type gascooled reactors. The MIT research on the reliability of passive safety systems
has taken a similar approach but has focused on a different set of reactor gieknolo
Their research has examined thermgdiraulic uncertainties in passive cooling systems
for Generation IV gasooled reactors, as described in Ajtekis et al. 2005, and
Apostolakis et al.Z008. Instead of postlesign probabilistic risk analysis for regulatory
purposes, the MIT research seeks to leverage the capabilitRRfo improve the
design of the reactor systems early in their development life cycle.

The same RMPS approach has been applied by Argonne National Lab{&tbryin
several studies to evaluate the reliability of passive systems implementedeiratizan
IV sodium fast reactors, see for instanGeabaskas et al2Q095.

The asessment of passive system reliability A) methodology, Nayak et al.
(2008, has already been pented in this report, see eSgction 2.3.5. Here we add that

the authors of APSRA, in orderteduce the uncertainty in code predictions, foresee the
use of irhouse experimental data from integral test facilities as well as separate effect
test facilities.

With reference to the two rsbrelevant methodologies (iRMPS and APSRA), they

have certain features in common. For example, both methodologies défirfaillire
criteria of the system and require best estimate codes to find-theerformance of
passive systems and the influence of sensitive parametergliimgprocess parameters

and model uncertainties) on the system performance. In addition, they use probabilistic
and deterministic tools to assess the reliability of the system.

However, they differ in certain aspects. fact, the RMPS includes mainly the
identification and the quantification of parameter uncertainties in the form of probability
distributions, to be propagated directly into-#&dTcode or indirectly in using a response
surface; the APSRA methodology strives $sess not the uncertainty of parameters but
the causes of deviation from nominal conditions, which may derive from the failure of
active or passive components or systems.

As a result, different approaches are used in the RMPS and APSRA methodologies.
RMPS proposes to take into account, in the PSA model, the failure of a physical process.
This problem is treated in using a best estimaté dode plus uncertainty approach.
APSRA includes in the PSA model the failure of those components, which cause a
deviation of the key parameters resulting in a systeilare butdoes not take into
account possible uncertainties on these key parameteasohsequence, theH code

is usedn RMPS to propagate the uncertainties and in APSRA to build a failure surface.
APSRA incorporates an important effort on qualification of the model and use of the
available experimental data.

In the Table 3.7, arattempt is made to identify the main characteristics of the
methodologies proposed so far, with respect to some aspects, such as the development
of deterministic and probabilistic approaches, the use of deterministic models to evaluate
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the system performance, the identification of the sources of uncertainties and the
application of expert judgment Note that every one of three methods devised by ENEA
and illustrated in Section 3.3. 2, here
main RMPS approach the issue related to the uncertainties affecting the system
performance assessment process.hWitspect to the RMPS a greater simplicity is
introduced, although detrimental to the relevance of the approaches themselves: this is
particubrly relevant as far as the approach based on hardware components failure is
concerned. Major merits and demerits for each approach are reported in blue and red in
Table 3.7 respectively.

Table 3.7. Main features of the various procedures

denot

Methodology Probabilistic Deterministic Uncertainties Expert judgementExperimental
VS. analysis data
deterministic
REPAS/RMPS | Merge of T-H code Uncertainties in EJ adopted to a large extent.
probabilistic adopted parameters is Demerit.
and thermal for uncertainty | modelled by Statistical analysigzhen
hydraulic propagation. probability density experimental data exist
aspectsMerit. | Merit. functions
APSRA Merge of T-H code The deviations of Experimental data usageemerit.
probabilistic adopted parameter values EJ for root diagnosis
and thermal to build the from nominal
hydraulic failure surface. | conditionsare caused
aspectsMerit. | Merit. by failure of active or
passive
componentgroot
diagnosis)
Surrogate Only Not performed. | Uncertainties EJ adopted to a large extent
approaches probabilistic Demerit. in parameters is (except the approach based on
aspects considered hardware failure)Demerit.

3.3.5.0pen issues

In the following sections, the open issues regarding the methods for the assessment of
passive systems and their applications are discussed, in particular with respect to the
need of novel sensitivity analysis methods, the role of empirical regressiotlingpde

and the integration of passive systems in PSA.

3.3.5.1 Sensitivity analysis methods

In order to quantify the reliability of passive safety systems the concdphctional
failure has been introduced (s&ection 3.3.2), Pagani et aRQ09; Burgazzi et al.
(2007, and Zio et al. Z009: when counteforces (e.gfriction) have magnitude
compaable to the driving ones (e.gravity, natural circulation), the passive systems
may fail at performing the intended functions even if i) safety margins areandii)

no hadware failures occur, Burgaz2(04); Marques et al.2005; Burgazzi 2007H,
andZio et al. 009.

Thermal Hydraulics (TH) codes are used to predict the physical behaviour of the system
in nominal and accidental conditions, as widely discuss&kdtion 3.2. Conservative

TH codes have traditionally been employed to verify that safety limits could be respected
with large safety margins, Zio et akR0l1]l). Best Estimate (BE) codes have been
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introduced more recently to provide more realistic results and awarconservatism,

Zio et al. 010, (see also 10 CFR 50.46); their use requires the identification and
guantification of the uncertainties in the code outputs coming from simplifications,
approximations, roundff-errors, numerical techniques and uncertainties in the input
variable values, Pourgd¥lohammad 2009. The quantification of the uncertainties in
the output can be demanding in terms of computational cost, because it retpriges a
number of simulationsf the BEcode, Di Maio et al.Z0143.

To tackle this challenge, various approaches of uncertainty anélyAjshave been
developed, e.gcode scaling, applicability and uncertainfSAU), Boyack et al.
(1990, and Wilson et al.1990, automated statistical treatment of uncertainty method
(ASTRUM), integrated methodology for thermalydraulics uncertainty analysis
(IMTHUA), Pourgol-Mohammad 2009, which assume that the uncertainty in the input
variables follows a statistical distributioN:input sets are sampled and fed to the BE
code andhe correspondindyl output values are calculated, which reflect the variability

of the input variables onto the output. A combination of psthtistics (OS), Guba et al.
(2003, and Zio et al.Z008, and artificial neural networks (ANN) has been proposed to
speed up computation (substituting the TH code with a simpler and faster surrogate),
Secchi et al. 2008. However, this latter approach does radiow to completely
characteris theprobability density functionRDF) of the output variable (but onlypse
percentiles), precluding the possibility of: i) obtaining a precise estimate of the safety
limit; ii) performing sensitivity analysis (SA) at no extrangputational cost, Fong et al.
(2009.

Among the SA techniques, it is possible to identify three families: local, ragaoml

global, Saltelli et al.Z000. The local approach to SA consists in evaluating the effect
on the output of small variations around fixed values in the input parameters. Typically,
local methods involve the calculation of partial derivatives of the output with respect to
the inputs atocal fixed points on which the analysis is focused. The local sensitivity
indexes provide information that is valid only locally. Regional SA aims at calculating
the sensitivity of the model to partial ranges of the inputs distributions. Globald&®/sal
measuring the contribution of an input to the variability of the output over the entire
range of both the input and the output. To do this, the approach focuses directly on the
output and its uncertainty distribution, with no reference to any patiealue of the

input parameters (unlike local approaches). Global SA is most indicated when models
are nofinearand noAamonotone, as in these cases local and regional SA cannot provide
general results. Compared to local and regional SA methods, globak8®ds offer
higher capabilities, but these are paid by high computational costs. Examples of global
methods are response surface methodology (RSM), fourier amplitude sensitivity test
(FAST) and the variamcdecomposition method, Heltob903; McKay (1996); Saltelli

et al. 000; Cadini et al(2007), andYu et al. 010. RSM consists in approximating

the model by a simple and faster mathematical model from a database of computations;
with FAST, the model can be expanded into a Fourier series anduhercoefficients

and frequencies can be used to estimate mean and variance of the model, and the partial
variance of individual input parameters of the model; variance decomposition is a
general and solid method for global SA and has the advantage ftnoolucing any
hypothesis on the model, although it has high computational costs.

In this section, we focus on global SA methods based on the PDF of the output variable
and propose a novel alternative to the existing methods. Among these, polynomial chaos
expansion (PCE) methods have been used to reconstruct the PDF of the outplat variab
and for SA, with less runs than variance decomposhiamsed method¥ersaudy et al.
(2015. However, in many cases the output variable follows a multimodal distribution
for which PCE is unsuitable because the order of the expansion necessary febccur
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reconstructing the PDF becomes large and the computational cost too. The problem of
multimodal distributions can be overcome by resorting to finite mextoodels (FMM),

Di Maio et al. R015), which provide, by application of axpectation maximation
algorithm (EM), a natur al (e.f.subdividing¢hedatagd of t he
in groups of large safety margin, low safety margin, failure) based on the models
composing the mixture. Such models can be used for SA, aiming at identifying the most
relevant input variables affecting the output uncertainty, as we shall see in the following.
More specifically, Gaussian FMM are used to reproduce the PDF of the TH code output
and its natural clustering is originally exploited for.94e advantages of this approach

are: i) the possibility to obtain the analytical PDF of the model output and, ii) a
computational cost for SA significantly lower than classical global methods.

In order to avoid a large number of TH code runs, an alternative innovative framework
of analysis hasden proposed in Di Maio et a@14). Theidea is to directly rely on the
information available in the multimodal PDF of the output variable for performing global
SA of a TH code. First, a limited numhéiof simulations of the TH code are performed
and a finite mixture model (FMM) is used to reconstruct the PDF of the output variable.
It is worth pointing out thaif) the output distribution is linked tihe input distributions

that must, then, be selected accurately for building the FMM approximating the PDF of
the output variable, anid) the FMM construction entails learning the structure of the
PDF of the output variable, that is an essential step that is expiaidethil in Di Maio

et al. 014. The natural clustering made by the FMM on the TH code output,
McLachlan ¢ al., 2000, and Di Maio et a]2014H (i.e.a cluster corresponds to each
Gaussian modeD) us— of the mixture, as we shall see in Section 3), is exploited to
develop an ensemble of three SA mehanput saliency, Law et aR@04), Hellinger
distance, Diaconis et al. (1982, and Gibbs et al. 2002, and KullbackLeibler
divergenceDiaconisetal. (1982, andGibbs et al. 2002, for ranking the input variables
most affecting the output uncertainty.

The ensemble strategy allows combining the output of the three individual methods (that
perform more or less well depending on the data at hand) to generate reliable rankings.
The advantage is the possibility to overcome possible misjudgments of theluradlivi
methods. The innovative idea of using an ensemble of methods for sensitivity analysis
is more useful when the number of TH code simulations is reduced to keep low the
computational cost. Due to the limited quantity of data in this situation, irpfasgible
misleading rankings can arise from individual methods, whereas the diversity of the
methods integrated in the ensemble allows overcoming the problem.

The proposed framework is generally applicable to active and passive safety systems.
However, its application is here challenged by the fact that the reliability analysis of
passive safety systems used in advancedear power plantsnust consider the
uncertainties affecting passive systems operation, under scare® operaing
experience, Cummins et §2003; Pagani et al.2009; Burgazzi 0079; Nayack et al.
(2009, and Zio et al(2009.

The successful application of the developed framework is illustrat&l Maio et al.
(201649, for the sensitivity analysis of a TH code that simulates the behaviour of the
passive containment cooling system (PCCS) ohdwanced pressudd reactor AP

1 000R during A OCA. The combination of ththree sensitivity methods is shown to
make the results more robust without additional computational costs (no more TH code
runs are required for SA)

The work by Di Maio et al.20163, has leen extended by Di Maio et aRq168, by
considering three global sensitivity analygiSSA) methods input saliency (1S),
Hellinger distance (HD),and Kullback-Leibler divergence (KLD) to form a
bootstrapped ensemble for: i) exploiting the capability of global SA methods to provide

STATUS REPORT ON RELIABILITY OF THERMAEHYDRAULIC PASSIVE SYSTEMS



NEA/CSNI/R(2021)2135

knowledge on the sensitivity of model output uncertainty to the entire inputs
distributions ranges and ii) limiting their potentially large computational burden. Indeed,
when the TH calculation data are limited, an ensetbbied sensitivity analysis (EB$A

has been shown to give satisfactory results with limited computational cost.

The basic idea set fortiereinis to rely on the information available in the muitidal
probability density function (PDF) of the bootstrapped model output to perform GSA of

a TH code. Then, the amount of code calls that are demanded by the EBSA is reduced
as compared to standard GSA techniques, since the amount of simulations needed is
simpy that required to reconstruct the estimated model output PDF. Again, this is
achieved by means of a finite mixture model (FMM), whereby the natural clustering
gener&ed by the FMM on the TH code output is exploited to estimate globalisgnsit
measures, Di Maio et aRQ14). The ensemble of three SA indicators is, then, employed

for ranking the input factors which most affect the output uncertainty.

The EBSA paradignmakes it possibléo combine the output of the three different SA
methods and generate reliable and robust rankings, compensating the individual biases
of each method, which shows to be particularly effective when the number of TH code
runs avdable is small, Di Maio et al20163.

The Bootstrap method is used to (artificially) increase the amount of data obtained from
the few TH code runs, without altering the original informatiarein contained, Secchi

et al. 008. It is a distributioAfree inference methathatrelies on no prior knowledge
about the distribution function of the underlying population. The idea is to generate
alternative populations by sampling with replacement from the original dataset.

Three strategies combining EBSA and the Bootstrap method are here proposed and
compared with each other. A bottarp strategy (ES1) computes a ranking order of the
input variables out of each bootstrapped dataset and combines them a posteriori to
generate final aggregated ranking order. An-ailt strategy (ES2) merges a priori the
information from the bootstrapped datasets into three ranking orders that are, then,
combined together. A filter strategy (ES3) computes the expected value and variance of
theimportance of each input variable over all the bootstrapped datasets.

These strategies have been developed and tested on a real case study that entails a large
break lossof-coolant @cident (LBLOCA), Perez et al.2011), which is simulated by

the TRACE code of the Zion Nuclear Power PlanfThe results obtained have been
compared with other standard methods of literature, showing the strenghts and benefits
of the advanced GSA techniques proposed for addressing the issue of sensitivity analysis
of passive safety systems.

3.3.5.2 Role of empirical regression modelling

Different sources of uncertainties are usually considered in safety analyses, as pointed
out in Section 3.3.2: randomness due to intrinsic variability in the behaviour of the
system(aleatory uncertainty) and imprecision due to lack of datacomesunderlying
phenomena (e.guatural circulation) and to scarce ar operating experience over the
wide range of conditions encountered during operation (epistemic uncertainty),
Apostolakis 1990, and Helton 2004. Due to these uncertainties, there is a nonzero
probaility that the physical phenomena involved in the operation of a passive system
do not occur as expected, thus leading to the failure of performing the intended safety
function even if safety margins have been dimensioMdrques et al. 2005, and
Patalano et al2008.

Various methodologies have been proposed in the open literature to quantify the
probability that TH passive systems fail to perform their functions, as described in
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Section 3.3.2. In most cases, the passive system is modelled by a detailed, mechanistic
T-H system code and the probability of not performing the required function is estimated
based on a Monte Carlo (MC) sample of code runs which propagate the epista@ic (s
of-knowledge) uncertainties in the model describing the system and the numerical values
of its parameters/variables; because of these uncertainties, the system may not
accomplish its mission, even if no hardware failure occurs. MC simulation allows a
realistic assessment of theHl system functional failure probability, thanks to its
flexibility and indifference to the complexity of theH model. This, however, is paid

in terms of the high computational efforts required. Indeed, a large number ¢ Mon
Carlosampled TH model evaluations must generally be carried out for an accurate
estimation of the functional failure probability. Since the number of simulations required
to obtain a given accuracy depends on the magnitude of the failure probabbigy t
estimated, with the computational burden increasing with decreasing fundtiumad
probability, Schuellerd007), this poses a significant challenge fbe ttypically quite

small (e.gless than 10 probabilities of functional failure of -H passive safety
systems. In particular, the challenge is due to the time required for each run of the
detailed, mechanistic-H system code which can take several hours (one code run is
required for each samplé walues drawn from the uncertainty distributsoof the input
parameters/variable® the TH code), Fong et al.2009. Thus,without substantial
improvements in computational capabilitiedternative methods must be sought to
tackle the computational burden associatét the analysis.

In order to tackle the computational issue, efficient sampling techniques can be adopted
for obtaining robust estimations with a limited number of input samples. Advanced
sampling methods such as subset simulation (SS) and line sampling (LS) have been
proposed and shown iection 3.3.3. to improve the computational efficiency although
there is no indication yet that the number of model evaluations can be reduced to below
a few hundreds, which may be mandatory in the presence of computer codes requiring
seweral hours to run a single simulation.

Apart from efficient MC techniques, there exist methods based on nomgtaiaorder
statistics, Wilks 1942, that propagate uncertainties through mechaniskiccbdes with
reduced computational burden, especially if only-amdwo-sided confidence intervals

are neededf particular statistics (e.the 9% percentile) of the outputs of the code. For
example, the scalled coverage, Guba et a2003, and Makaiand Pal 006, and
bracketing, Nuttand Wallis (2004), approaches can be used to identtig precise
number of sample code runs required to obtain a given confidence level on the estimates
of prescribed statistics the code outputs, Zio et aR§10g, and Zio et al.Z0108. In

such cases, the only viable alternative seems that of resorting-tarfastg, surrogate
regression models, also called response surfaces omouss to approximate the
input/output function implemented in the lengnning TH model code, and then
substitute it in the passive system functional failure analysis.construction of such
regression models entails running theél Thodel code a predetermined, reduced number

of times (possibly, 5000) for specified values of the uncertain input
parameters/variables and collecting the corresponding values of the oliptgrest;

then, statistical techniques are employed for fitting the response surface of the regression
model to the input/output data generated in the previous step.

Several examples can be found in the open literature concerning the application of
surrogate metaodelsin reliability problems. In Bucheand Most (2008; Gavinand

Yau (2008, and Liel et al. 2008, polynomialresponseurfaces (RSs) are employed to
evaluate the failure probability of sttwral systems; in Arul et al2009; Fong et al.
(2009, and Mathews et al2009, linear and quadratic polynomial RS are employed for
performing the reliability analysis of-H passive systems in adwaed nuclear reactors;

in Deng R006; Hurtado 2007); Cardoso et al2008, and Cheng et 82008, learning
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statistical models such as artificial neural networks (ANN), radial basis functions (RBF)
and support vector machines (SVM) are trained to provide local approximations of the
failure domain in structural reliabiyi problems; in Volkova et al2008, and Marrel et

al. (2009, Gaussian metaodelsare built to calculate global sensitivity indices for a
complex hydrogeological model simulating radionuclide transport in groundwater. In
this work, artificial neural networks (ANN) are considered to reduce thipetational
burden associated to uncertainty propagation in the functional failure analysis of a
natural convectiofbased decay heat removal system of acgaded fast reactor (GFR),
Pagani et al.2005.

A limited-size set of input/output data examples is used to construct the ANN regression
model; one important issue here is the suitable choice of training data. Once the model
is built, it is used to perform, in a negligible computational time, the fomatifailure
analysis of the 9H passive system: in particular, the functional failure probability of the
system is estimated together with global sensitivity indices of the naturally circulating
coolant temperature. The use of regression models in safdtal applications like
nuclear power plants raises concerns about the model accuracy, which must be not only
verified but also quantified.

3.3.5.3 Integration of passive systems in PSA

Probabilistic safety assessment (PSA) is a comprehensive, structured and logical
analysis method aiming at identifying and assessing risks in complex technological
systems, such amiclear power plant®\ PSA is typically developed in three steps, Level

1, Level 2 and Level Fee e.gUSNRC (9833, and USNRC 1983h, (NUREG/CR

2300 and NUREG/CR 815, respectively): Level 1 allows the calculation of the core
damage frequency (CDF); Level 2 deals with large early release frequency (LERF) and
large releas&equency (LRF) of different types of isotopes due to reactor building (RB)
failure; Level 3 deals with the environmengadd human health effects, IAEA494.
Conventional PRA traditionally do not model explicitly the behaviour of passive systems
as currenhuclear power plargafety features are shown to either stop the progression or
to mitigate the consequences of an accident (DBA envelope). A different PRA approach
would imply the not trivial consideration of passive systems unavailability following
their actuation distinguishing specified accident sequences.

Classically, accident scenarios are modelled in PSA through the event tree (ET)
technique, as we shall seeSection 3.3.5.3.1, which allows identifying all the different
chains of accident sequences deriving from the initiating events. ET development
implies each sequence represents a certain combination of events, corresponding to
failed or operating safety ordnt line systems: thus ET, starting from the initiators,
branch down following success or failure of the mitigating features, which match the ET
headings, providing therefore a set of alternative consequences. Systems analysis
adopting the fault tree (FT) method is the simplest way to assess the unreliability of
passive system as a safety feature, required to operate for stopping the sequence or
mitigating the consequences.

The construction of a system fault tree is based on system success/failure criteria and
relies upon the system madtieg: system model requires the identification of the relative
boundaries and interfaces amttludes components required for system operation,
support systems required for actuation and operation of the system components, and
other components that could degrade or fail the system. In additeosystem model
includes the relevant and possible failure modes for each component required for system
operation. These should include component failures (as, for instanceyystaihare,

failure on demand and operational failure) and dependent failures (intersystem
dependencies and intercomponent dependencies or common cause fallhees).
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introduction of passive safety systems into an accident scenario, in the fashion of a safety
or front-line system, deserves particular attention. The reason is that its reliability figure
depends more on the phenomenological nature of occurrence of the failure modes rather
than on the classical component mechanical and electrical faults. This makes the relativ
assessment process different as regards the system model commonly adopted in the fault
tree approach as depicted before.

Because of the features specific of a passive system, it is difficult to define the state of a

passive system in the accident sequence analysis. For instance, the state of a passive
system does not become a robustefomenci atteld as
modes of operation of the system or equivalently the degraded performance of the system

(up to the failure point) is possible. This g
workso and has failed for dmesoperationt thimded f unc
operation could be sufficient to prolong the window for opportunity to recover a failed

system, for instance through redundancy configuration, and ultimately prevent or arrest

core degradationlherefore, in order to genersdithe methodology, it is important to

take into account the dynamic aspects, in order to capture the interaction between the

accident sequence and the system whose performance is determined by the accident

evolution itself, as we shall see$action 3.3.5.3.2.

3.3.5.3.1 Integration of passive system reliability into the PSA in a static
manner

The quantified reliability of a passive system should be integrated into the PSA model.
In the following we limit the scope of the description only to the classical, ET and FT
based PSA modelling approach. The ET of the model describe the possible coosgque

of the initiating events in a logically structured, graphical form as a function of fulfilment

of functional requirements for safety (and operational) systems. The FT are the
structured graphical forms of the results of system analysis using -ttallesb basic

events and logical gates linking them. The basic events represent the fundamental failure
modes of the systems using different reliability models and data. With respect to active
systems in conventional, currently operating nuclear facilities, following two
fundamental failure modes are considered:

1 Failure to start: forstandbyactive equipment (e.gumps, fans) the failure
probability of starup and for valves the failure probability of opening and/or
closing should be assessed and modelled.

1 Failure to continue running: the failure probability during operaof active
components (e.gaumps) should be quantified and modelled in the PSA. For this
purpose, the most commonly applied reliability model is the failure rate and the
expected mission time (or functional time) of the component. For components
with relatively short mission time {2 hours), this kind of malfunction is usually
modelled within the staitp failure.

The applicable modelling technigue to assess the overall reliability of a passive system
depends on the passivity levAls defined by the IAEA, IAEAY991), typefiBo passive
systems do not contain any moving mechanical parts, even theg@iithe system is
triggered by passive phenomena with the exclusion of valveatitin. In this case, the
startup failure probability of the system is determined only by the reliability of the
physcal phenomenon formation (e development of natural circulation).

Failure during operation is determined by the reliability of the jshy$henomenon
stability (e.glong-term stability of the natural circulation) which is mainly influenced

by the initial and the boundary conditions. As mentioned above, a distinction should be
made during modelling between the sigptfailure and failure during operation with
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regard to the physical phenomena because alterations in boundary conditions during
accident mitigation can result in the degradation of driving forces even after successful
startup. Besides the stability of the physical phenomena, certain failuresnaide
mechanical equipment (elgeat exchanger plugging, rupture or legtc.) can also lead

to failure during operation. This type of failure mode can also be taken into account
during the reliability assessment of tpassive system, Marqués et #0095, and
therefore represented within the reliability data of the stability of the physical
phenomena, but in some cases, sed.emg@nzo et al.Z011J), these failure modes are not
considered within the detailed assessment and as a result, they have to be modelled
separately in the FT.

Apart from the reliability of the physical phenomena and the mechanical components,
human errors can also influence the ldagn operation of a passive system.
Considering the operation of a passive residual heat removal system where the heat is
transfered into a pool fille with coolant, Marqués et aR@05, the refill of the pool

should be necessary in order to ensure the fulfilment of the safety function in the long
run.

The depletion time of the pool depends on the actual design and if this time is shorter
than the mission time considered in the R8Adel, the malfunctions of the whole
refilling procedure should be taken into account and human errors should be modelled.
The logical representation (i#ne FT) of the startip failure and the failure during
operation for typdiBo passve systems are presentedrigure 312.

The parameters of the basic events of the FT-A$Cand NGFR) should be derived

from the reliability assessment of the physical phenomenon while the reliability models
behind the transfer gates (CONHAIL and REFILL) are the result of classical FMEA

or HAZOP assessments. The presented example assumes that the mechanical failures
during operation are not considered within the detailed reliability assessment of the
passive system.

Figure 3.12. FT representation of startup failure and failure
during operation for type fABO passive sy

Passive system (B type) Passive system (B type)
fails to start fails to run
PAS_SYS-FS PAS_SYS-FR
Natural circulation fails to Natural circulation failsto  Component failure during  Refill failure of ultimate
stant run (stability) operation (e.g. plugging) heat sink
NC-FS NC-FR COMP-FAIL REFILL

Courtesy of: Francesco Di Maio

According to the categories proposed by the IAEA, ff{p@andfiDo passive systems

may contan moving mechanical parts (eaheck valve in case of tyg€o and motor
operated valve in case of tyfi0) in order to trigger the operation of the system. In this
casethe startup failure of the system is determined by both the malfunction of the active
(or mechanical) component and the reliability of the physical phenomenon development
while the failure during operation is determined by the stability of the physical
phenomena, the reliability of mechanical parts and the possible failure of the refill
procedure (if considered) similarly to typBo passive systems. For typBo passive
systems, the failures of electric power supply and 1&C have to be considered héthin t
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active component failure during stamp. The FT of startip failure and failure during
operation for typéiCo andfiD0 passve systems are presented-igure 313.

Figure 3.13. FT representation of the startup failure and failure
during operation for type ACO and #ADO

Passive system (Cor D Passive system (Cor D
typo) fails 10 start typo) fails 10 run
PAS SYS-FS PAS _SYSFR
Notural circuation fails 10 Active component failure Natural circudationfaiisto  Component failure during  Refill failure of USmate
start during start-up run (stability) operation (e.g. plugging)  heat sink
NC-FS ACT-START NC-FR COMP-FAIL REFILL

Courtesy of: Francesco Di Maio

The FT representing the reliability of the passive system hawe linked to all FT that
correspond to function events of ET where the passive system plays a role in accident
mitigation. In general, the need for the operation of passive system is the result of the
malfunction of active systems, therefore the functiwents (or headers) representing
passive systems are preceded by headers of active systems. There are two options to
integrate the previously discussed and presented FT into the ET, namely by using:

1 separatdieaders for staip failures and failures during operation
9 one header representing both types of failure.

In case of the firsttion, the FT presentad Figures 312 and 313 are placed behind
the two distinct headerdigassive system successfully staréad fipassive system
successfullycontinues operatiay), while for optionnumber twathe two FT are linked
together into, anfiO R® gate and placed behind single headpassive system
successfull st art s and continues operationbo

In most cases the two ET delineation approaches result in the same minisetlistg
however the first approach should be cautiously applied for scenarios where more than
one redundant train is available and the operation of a single train can fulfil the required
safety function. In this case, some relevant minimakets are left out from thesults;
therefore, this method cannot be considered an accurate approach.

For illustration purposes, let us assume a passive system with two redundant trains. In
this case, the top gate of the FT of stgrtfailure is amfiAND 0 gate, and the staup
failures of the two redundant trains are linked together withfitkiND 0 gate. The start

up failure of both trains leads to the failure of this function event. The FT of failure
during operation has a similar structure as the-gfaftilure FT described before, i.an

AANDO type top gate links together the operational failuretheftwo redundant trains.

This function event fails, if both trains fail to run. As a result of this approach, the passive
system fails only if both trains fail to start or both trains fail to run, however the scenario
(or minimal cutset) when one trainafls to start and the other train fails to run is
neglected. Therefore, in this case (when there are 100% redundant trains), the second
option should be applied to achieve accurate results.

3.3.5.3.2 Integration of passive systems into dynamic PSA

In the PSA ohuclear power plantgiccident scenarios, which are dynamic in nature, are
usually analysed with ET and FT, as discusseskntion 3.3.5.3.1.
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The current fAstatico PSA framework has some |
of events, whose variability may influence the successive evolution of the scenarios, and
in modelling the interactions between the physical evolution of the proceableari
(temperatures, pressures, mass flows, etc.) and the behaviour of the hardware
componentsMarseguerra et a(1996; Zio et al. 009; Zio (2014; Di Maio et al.

(201%); Di Maio et al.(2016, and Di Maio et al.40160. Thus, differences in the
sejuential order of the same success and failure events and the timing of event
occurrence along an accident scenario may affect its evolution and outcome; also, the
evolution of the process variables (temperatures, pressures, mass flows, etc.) may affect
the event occurrence probabilities and thus the developing scenario. Another limitation
lies inthe binary represeations of system states (isiccess or failure), disregarding

the intermediate states, which conversely concern the passive system opg&ration
(2019.

Also considering the discussion ir@&ion 3.3.5.3.1, it follows that the state of a passive
system can be divided into several states, and each state is affected by the integrated
behaviour of the reactor, because its individual performance is closely related with the
accident evolution andhole plant behaviour.

Indeed, in complex situations where several safety systems are competing and where
human operation cannot be completely eliminated, this modelling should prove to be
impossible or too expensive in computing times. It is thus interesting to explore other
sdutions already used in the dynamic PSA, like continuous event trees [@&/MDpght

et al. (1992, andKopustinskas et al2005, dynamic &ent trees (DET), Hofer et al.

(2004, andHakaobyan et al.2008, discrete DET (DDET)Coyne et al(2014), Monte

Carlo DET (MCDET),Kloos et al. 2006, and repairable DET (RDETKumar et al.

(2014, because they provide more realistic frameworks than FT and ET do, in order to
capture the interaction between the process parameters and the system state within the
dynamical evolution of the accident.

The most evident difference between dynamic event trees (DET) and the event trees (ET)
are as follows. An analyst constructs ET, which are typically used in the industrial PSA,
and theibranches are based on sucdasgafe criteria set by the analyst. These criteria

are based on simulations of the plant dynamics. On the contrary, DET are produced by
software that embeds the models that simulate the plant dynamics into stochastic models
of components failure.

A challenge arising from the dynamic approach to PSA is that the number of scenarios
to be analysed is much larger than that of the classical fault/event tree approaches, so
that a posteriori information retrieval can become quite onerous and coneteDi

Maio et al.(20173; Di Maio et al. 2017, and Di Maio et al(20179.

A further challenge is related to the great effort in terms of computational time required
for modelling of dynamic reliability, by means of Monte Carlo techniques that are
typically used to simulate a large number of stories to cover all the eventsngnd lo
periods of timeThis is even more relevant as far as therhyalraulic natural circulation
passive systems are concerned since their operation is strongly dependent, more than in
the case of other safety systems, upon time and the state/parametessduaing the

time progression of various accidents.

Merging probabilist models with TH models, i.edynamic reliability, is required to
accomplish the evaluation process eHTpassive systems in a consistent manner: this

is particularly relevant with regard to the introduction of a passive system in an accident
sequence, since the required mission ctweldonger than 24 hrs as usuavel 1 PSA
mission time. In factfor designbasis accidents, the passive systems are required to
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establish and maintain core cooling and containment integrity, with no operator
intervention or requirement f&C power for 72 hrs, as a grace time.

The goal of dynamic PRA is to account for the interaction of the process dynamics and
the stochastic nature/behaviour of the system at various stages: it associates the
state/parameter evaluation capability of the thetiyaraulic analysis to the dynamic
event tree generation capability approach. The methodology should estimate the physical
variation of all technical parameters and the frequency of the accident sequences when
the dynamic effects are considered. If the congmt falure probabilities (e.gvalve per

demand probability) are known, then these probabilities can be combined with the
probability distributions of estimated parameters in order to predict the probabilistic
evolution of each scenario outcome.

A preliminary attempt in addressing the dynamic aspect of the system performance in
the frame of passive system reliability is showrBurgazzi 008, which introduces

the T-H passive system as a nstationary stochastic process, where the natural
circulation is modelled in terms of timariant performance parameters (as for instance
mass flowrate and thermal power) assumed as stochastic variables. In that work, the
statistics associated with the stochastic variables change in time (in terms oftedsocia
mean values and standard deviations increase or decrease, for instance), so that the
random variables have different values in eveglisation.
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4. Exper i oetna ad e d

4.1. Thermal-hydraulic issuesin passive safety systems

4.1.1.Passive residual heat removal system design classes

In many ways, the thermdlydraulic issues or phenomena that need to be considered for
passive systems are identical or similathephenomena observed for active systems.

A summary of those phenomersa provided by the reports NEAL994), and NEA
(1996). Because of the specifics of passive systems and the consideration of a wider
parameter range the list of phenomeves extended, AksaandD 6 A u 1996y seé

al so Do AQ0l9, and PkBarh et pl20(Q8, as discussed below.

The current chapter focuses pressuried (passive) residual heat removal system
(PRHRS), removing heat from the primary system or the containment. Excluded are
passive injection systems, reactor shut down systems, isolation systdnpressure
relief or control systems. This sectiaill firstly summarise again all phenomena listed

in thementioned reports and in IAERQ0%). Even so, there is a large variety of syst
desigrs as described in IAEA200%). Most of the related systemsay be describedyb

the generic designs of such systems givefigare 4.1see also Gapters 2 and 3 of the
present document.

Figure 4.1. Selected, rough, typical designs for passive residual
heat removal systems

Heat Sink Heat Sink Heat Sink

Heat Source Heat Source Heat Source

A B C

Specific systems that do not fit into the standard design describéidure 4.1are
described separately. The generic desmmsistf either one or two heat exchangers a
riser and a dowsomerpipe connecting the heat source with the heat sink. The heat
source can be either the primary system (or RPV directly) or the containment. In the
following we will call the designs shown Figure 4.1:

T TypeA
1 TypeB
 TypeC
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The residual heat (decay power) can be removed either by the flow in the primary circuit
(PSPRHRS) or in case of LOCA in the containment by condensing the vapour flowing
out from the primary circuit (PRHRS). This is typically constituted by a pool |l@cht

in the upper part of the building.g.KERENA reactordesign, shieldig storage pool,
Stosic et al[2008; ESBWR reactor design, Ishii et dl2004). Systems removing
residual heat from the containment (containment passive residual heat removal system
C-PRHRYS) typically transfer the heat to a (before mentioned) elevated pool inside the
reactor building and above (and outside) the containment.

In order to maximis the performance of the systems, condensation or boiling heat
transfer is used depending on the design of the tubes in the shell side of the heat
exchangers. Since a considerable temperature gradient is required to transfer the heat
from one fluid to thesecond fluid via the heat exchanger tube wall, typically one of the
heat exchangers is skipped so that the working fluid of the system is either provided by
the heasource (Figure 4.1 variation B) or by the heat sink (Figure 4.1, ieri@). This

is why system type A in Figure 4.1 is currentlyt built for core cooling.

Since there is no space in the primary system variation, B is currently theealidgd
variation used for PPRHRS. As mentioned before, the heat sink can be located inside
the containment; examples of such systems are th& @I® passive redual heat
removal system, IAEAZ00%), and the KERENA emgency condenser, Stosic et al.
(2008. The heat sink can be located outside the containment like the solution selected
in the ESBWR istation condenser, Ishii et aR@04). A further option is to connedbe

PRHRS with the secondary side of the steam generators. The heat sink of such a system
is often located in the upper part of either the reactor building or the turbine hall.

For GPRHRS there is either the system design variatiandthe containment cooling
condenser of the KERENA reactor desigar the variation G passive containment
cooling system of the ESBWeResign is realisd, IAEA (200%).

An alternative GPRHRS is to cool the containment via the containment wall. An
example for such a system is realisin the AP1 000 design. The operating principle is
shownin Figure 4.2. Theréhe steel wall of the containment represents the heat transfer
surface. Hence, the ambient air is representing the heat sink and the heat transfer on the
inner side relies on the condensation of the steam discharged into the containment super
positioned l the convective heat transfer of the mmmdensable gasesside the
containment. In order to enhance the heat transfer coefficient to the ambient air, liquid
water is sprayed on the outer side of the containment wall from an elevated pool. Air is
sucked into the air gap between the containment wall and the réadlding via
penetrations in the lower reactor building wall and is accelerated by buoyancy forces
resulting from the heat transfer process. Such systems are called, in the following, type
D design.

Two further alternative designs are known forRISRS. One of these alternatives is a
modification of an Isolation Condenser like the system connected with the secondary
side of the PWR steam generators, with the modification that the heat is then directly
transferred to the ambient air via heathangers. Figure 4shows a drawing of such a
system reated in the Russian AE3006 (VVER1000 evolution) design, IAEA
(200%). The system heat exchanger discharging the heat to the ambient air is protected
by a shielding located on the top of the reactor building. In the following the system
design is called type E.

TheotherPSPRHRS tanote iscalled the sump natural circulation system. The operation
principle is showrin Figure 4.4. Thedea is to flood the reactor cavity to level that is
located above the active core. Valves in the inlet pipe submerged into the flooded cavity
and in the discharge lines are opened so that cooling water from the cavity is introduced
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into the primary system to cool the core. The steam produced within the core cooling
process is discharged into the containment. For most of the reactor designs relying on
passive safety systems the configuration of the RPV being submerged in a flooded
reactor cavity is reached at the end of a foégoolant accident scenario. These kinds

of systems aresubsequentlypamed type F systems.

Figure 4.2. Operation principle of a C-PRHRS transferring the
heat via the containment steel wall to the ambient air. The heat
transfer is supported by spraying liquid water to the outer
containment wall. System type D

-

Source: Courtesy @&tephan Leyer (University of Luxemburg)

pndensate

Figure 4.3. Operating principle of the AES-2 006 Russian passive
emergency core cooling via the steam generators and water air
heat exchangersystem type E
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SourcelAEA (200%).

Coremakeaup tanks described e.m IAEA (200%), use an operation principle (driving
force primarily based on different elevations; fluid temperature differences have a minor
role at start of operation) such that the system could also be considered as a natural
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circulation system. However, the main focus of such systems is to provide injection of
coolant into the primary system.

In order to describe the therrfajdraulic issues or phenomena to be taken into account
for the design or performance validation of passive systems for each before mentioned
design types A F an example is chosen acting as representative for a class of systems
relying on comparable phemena, as given ifable 4.1.

Figure 4.4. Emergencycore cooling by flooding the reactor cavity
system type F

STEAM

l
=

L

Source: |AEA R00%).

Table 4.1. Different generic designs of PRHRS

System Safety Function Representative Design
Type
A None None
B Primary System Residual Heat Removal (ESBWR)Isolation Condenser
B Containment Residual Heat Removal (ESBWR) Passive Containment Cool
c Containment Residual Heat Removal (KERENA) Containment Cooling
Condenser
D Containment Residual Heat Removal (AP-1000) Passive Containment
Cooling System
E Residual Heat Remol/&ystem (AES-2 006) Emergency Core Coolin
System
F Residual Heat Removal System (WWER-640-V-407) Primary circuit

untightening susystem

The primary circuit untightening sapstem(row F in Table 4.1)is designed]AEA

(200, it o ensure reliable water flow from at mo
circulation of cool &amteraglory tphel oi.r dhiilts Biyesa
during LOCA when the primary circuit pressure decreases to 0.6 MPa. This provides

long-term residial heat removal after the ECCS accumulator tanks and atmospheric
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tanks are emptied. The system train includes untightening valve units, pipeline and
valves for connecting the refuelling pool

4.1.2. Thermakhydraulic issues related to the specific designs

Passive safety systems (PSS) designed for watded nuclear reactors (WCNR) are
subjected to different thermbldraulic phenomena (THP). Literature in this area
classified the different phenomena encountered into broad categories as, fNB#AS

(200%):
1. Behaviour in large pools of liquid
2. Effects of norcondensable gases on heat transfer
3. Condensation on containment structures
4. Behaviour of containment emergency systems
5. Thermofluid dynamics and pressure drops in various geometrical

configurations
Naturalcirculation
Steam liquid interactian

Gravity driven cooling and accumulator behaviour

© © N o

Liquid temperature stratification

10. Behaviour of emergency heat exchangers and isolation condensers
11. Stratification and mixing of boron

12. Core makaptank behaviour

Recent anal ys 8047, anDAkdan et al2p18] hawe iddntifi¢d 116 THP

for 13 WCNR types and cros®rrelated different accident scenarios encountered in a
specific WCNR type. A general overview abautew of the aforementioned THP is
provided below.

Behaviour in large pools of liquid

Large pools of liquid are present in different WCNR designs since they serve as the heat
sink in natural circulation systems during accident scenarios. Typical examples of such
systems are the wetell suppression pool (ESBWR),-dontainment refuelling water
storage tank (AH 000), flooding pool (SWRL 000 / KERENA), gravity driven water

pool (AHWR), to name a few, IAEA200%). The characterisg thermalhydraulic

aspect encountered here is thermal stratification induced heat and mass transfer at the
upper water surface (e.foiling), steam condensation (eapugging), steam and gas
transport induced liquid draining from small openings etc.

Natural circulation and flow instabilitisee also &ction 2.2.2 and 2.2.3)

A heat source, a heat sink, and their interconnected piping making up a continuous
circulation path are the basic elements of a natural circulation system. Typical thermal
hydraulic aspects in these systems are the interaction among parallel circulgp®n lo
inside and outside of the vessel, the influence fromawrdensable gases, the flow
stability, etc.

Specifically, flow in natural circulation systems is inherently not very stable and is
subjected to flow instabilities in comparison with forced circulation achieved using
pumping systems. Under steady conditions, buoyancy generated by the heat supply is
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balanced by frictional force causing the flow to circulate in the system. aVidie in
heating power supply, the system may become unstabkefaedsity wave oscillatian
mechanism may be triggered (eagsmall increase in flow causes a decrease in pressure
drops and induces further flow increase). A review of different types of flow instabilities
and the research work inthisareabae f ou nd andGald3$ €0 IABA
(2009, and Prasad et aR@17).

Phenomena 3, 8, and 12 are relevant for-hagid lowpressure injection systemand
phenomenon 11 is relevant as far as reactivity control is concerned. All other phenomena
are also relevant to natural circulation systems used for passive residual heat removal. In
addition to these phenomena, subsequent testing progsaamd analyses showed that:

1. stratification of gases occurs inside the different containment compartments;

2. the heat transfer (namely convection mode) modgls relevant, Leyer et al.
(2019;

3. the interaction among different passive systems or between passive and active
systems needs to be takato account, Drescher et a2014) (see also Chapter
1 in the present document).

Since the first 12 phenomena are already deschibgdfficientdetail in IAEA (200%),
insights hereafter are limited to the description of phenomena 13, 1%6ahiddever

it should be emphasid thatanaccurate prediction of heat transfer (namely condensation
with and without the presence of roandensable gases) as well as of the pressure drops
(namely in the case of geometric discontinuities, as discusgdadly D 6 [RQlE;i a
UmmingerandD 6 A u[ROl7 and Umninger et al[2019) is crucial fa design and
transient analyses of natural circulation passive systems.

Stratification of gases inside the different containment compartments

The presence of necondensable gases is problematic for all heat transfer processes and
consequentlyeeds to be taken into consideration for the design of all heat exchangers.
For natural circulation heat transtrstemsthe situation is even more severe since the
mass flow is a consequence of the heat transfer so thatomolensable gases can
accumulateg.g.in the systems heat exchanger tubes, and may lead even to a (total)
blockage of the system circulation. Noandensable ga®urces for the tube side of PS
PRHRS are radiolysis gases, gases injected by the malfunctionaibshiee valves of
pre-pressurised connected systems (@ogumulator tanks) and gases produced during
core damages (e.Hl).

C-PRHRS are exposed to the Btmosphere of the containment. In the case of an
accident, increasingly large amounts of steam may be introduced into the containment.
In the case of a severe accident, other gases jike é/en aerosols are injected into the
containment atmosphere. Hence, the systems need to cope with different gas
compositions. In the case of typesstemsthe containment gas atmosphere enters the
heat exchanger tubes where the steam fraction may condensate. However, the system
needs to b designed to be able to discharge thecmmensable gases out of the system

into an appropriate sink.

In case of a passive containment cooler design purge lines provide a connection to the
wet well acting as the main sink for n@mondensable gases. The shell side of the heat
exchanger tubes for type C systems is exposed to the containment atmosphere. Since
different gases may be present inside the atmosphere the impact of the gas compaosition
tothe heat transfer needs to be taken into account. The gases have significantly different
molar weights, so that depending on the scenario and the related thgdnaailic
conditions stratifications of both temperature and gas compositions may result. The
system design needs to account for these different situations.
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Heat transfer modelling

Since a natural circulation system provides a strong interaction between the system mass
flow and the heat transfer, both the pressure drop modelling as well as the heat transfer
modelling need to be considered very carefully. Inaccuracies in the modslhingad

to significant misinterpretations in the analysis of results. Recent studigey, éeal.

(2019, have proven that statd-the-art heat transfer models for condensation and
evaporation applied to passive systems provide only very limited agneédratween
modelledand experimentally determined heat transfer rates (this is confirmed by the
PERSEO Benchmark performed within the framework of issuing the present report, see
the Addendum). Moreover, the agreement between experimental and modelled data
depends strongly ro the operational parameters. The reasons for the described
observations are still under investigatibtowever,thereis evidence that the boundary
layers are misinterpreted (or, too approximately modelled) using-cfttte-art
calcdation approaches.

Since typical PRHRS consists of heat exchangers for which the shell side either is
submerged in large pools or exposed to containment gas atmospliades effects of

the shell side heat transfer model need to be taken into acespgatially because the
shell side mass flow is also driven only by buoyancy forces.

Theinteraction among passive systems or between passive and active systems

Any natural circulation system denot operate under one single specific nominal load
conditions. Those systems rather adjust their performance to the theminalilic
conditions they are exposed to. Operator actions to regulate the systems cannot be
provided. Consequently, the performanaf a passive system may be influenced by
another passive or active sgst. As an example, one may analysssive lowpressure
injection systems. Such systems are meant to replenish the reactor pressure vessel and
ensure ce coverage in the caseldDCA. Typically, they consist of a pipe connecting

a pool located inside the containment with the primary system. The pool is elevated with
respect to the active core so that the injection flow is gravity driven.

The gravity driving head may be of the order of 10 m. However, in addition to the
hydrostatic pressure, the absolute system pressure of the primary system and of the
containment needs to be considered as well. The containment pressure is depending upon
the performance of active and passive containment cooling systems, so that feedback
effects need to be considered between tHeREIRSand the gravity driven injection
systems. Comparable situations are expected fePBRIIRS interactions. In order to
account ér the interaction among the systems, integral effect tests involving all relevant
systems are requiredRecent exampke for such integral effect tests are the ones
performed within the framework of the German EASY project experiaheampaign,
Buchholz et al.Z018.

In summary, the phenomena that need to be considered for the design of passive safet
systems are described in NEA994; NEA (1996); Aksanand D6 A u r1994; (

D 6 A u[Ed.] 017, and Aksan et al2018, as well as in the current report. There is

a considerable overlap between the phenomena relevant for passive and active systems.
However, the low driving forces and the link between heat transfer and system mass
flow raises additional challenges.

Table 4.2 gyes an indication for the phenomena totéleen into consideration for the
design of the different PRHRS design types.
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Table 4.2. Phenomena to be considered for the different PRHRS

types
Phenomena Type B Type C Type D Type E Type F
1 Yes Yes No No Yes
2 Yes Yes Yes Yes Yes
3 No No Yes No No
4 Yes Yes Yes Yes Yes
5 Yes Yes Yes Yes Yes
6 Yes Yes Yes Yes Yes
7 Yes Yes Yes Yes Yes
8 No No No No No
9 Yes Yes No Yes No
10 Yes Yes No Yes Yes
11 Only PWR No No Only PWR Only PWR
12 No No No No No
13 Yes Yes Yes No No
14 Yes Yes Yes Yes Yes
15 Yes Yes Yes Yes Yes

4.1.3.Role of experiments in resolution of passive safety systelated issues

The design of any passive safety systems implies comprehensive experiments and
analyses todelineate the thermddydraulic behaviour encountered under different
operating conditions. Experiments are usually conducted through scaled integral effect
tests and separate effect tests. While integral effect tests are performed with the aim of
studyingthe behaviour of a reactor under abnormal or accident transients, the objective
of separate effect tests is to specifically study the behaviour of a single/limited
components or grmathydraulic phenomena, NERQ17).

The phenomena studied in integral effect tests include siagkk twephase natural
circulation, seHpressuriation, condensation and stratification in dome, flashing,
collapse in the riser, heat transferthre primary and secondary side of the steam
generator, thermdlydraulic instabilities, reflux condensation and counterent flow
limitation, etc., IAEA(2005, and Glaeser2008.

Likewise, phenomena studied using separate effect tests include critical flow,
entrainment, liquievapour mixing with condensation, sprafyects, condensation under
stratified conditions, quench front propagation, flashing, parallel channel instabilities,
noncondensable gas effect, heat transfer during (a) natural convection, (b)
subcooled/nucleate boiling, (c) pasitical heat flux, etc., IAEA(2005, and Aksan
(2008.

Such tests have greatly contributed to understanding of related tHerdnallic
phenomena while also contributing to the understanding of passive safety-system
specific phenomena. Results from integral as®parate effect tests have greatly
contributed to the development and validatidrcamputational tools, Glaese2q08),

that describe the 3D macroscopic phenomena using thégdedulic system codes like
ATHLET, CATHARE, TRACE and RELAP. On the other hand, computatal fluid
dynamic codes (e.@TAR-CCM+, ANSYS CFX and FLUENT) are used to study the
3D microscopic phenomena occurring in sksalhle geometries. References to the
different computer codes used to study the thehyataulicsof passive safgtsystems
are detailed?201). DO6Auria [Ed.] (
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4.2.Description of experimental facilities and related activities
4.2.1.Integral effect test (IET) facility

4.2.1.1 ACME

State Power Investment Central Research Inst@RICR) has been operating an
integral effect test facility, advanced core cooling mechanism exper(tW€ME) for
transient and accident simulations@AP-1 400 pressuried water reactoe.g.Li et al.
(2016. The ACME facility is a 1/3 height scale, high pressure, 1/54.3 power scale and
1/94 volume scale simulation of CAP400 pressurisd water reactor. A series 21

small break los®f-coolant accident (SBOCA) tests were performed at ACME to
collect thermahydraulic data for computer code assessment and to support thee licen
of CAP-1400.

The conceptual design of ACME started form 2009 and the ACME construction was
completed in 2013. The test prognaewascarried outuntil 2014. The ACME facility
operates under 10 MPa design pressure and 583 K design temperature. The scaling
methodology of ACME is based on hierarchical, #ieved scaling analysis (H2TS),
which was introduced by Zuber and was successfully applied t608P AR1 000,

SBWR and APRL 400. The core consists of 180 electric heated rods, which provide a
maximum core power of 4.BIW. The whole test facility is about I6 high and
occupies an area of 15 m x 17 m.

The ACME facility consists of a reactor coolant system (RCS), a passive heat exchanger
(PXS), an auxiliary system and an instrumentation and control system. The layout of
RCS and PXS facility is shown figure 4.5 The RCS has two loops connected with

the RPV, each loop including one hot leg (HL), two cold legs (CL) and one steam
generator (SG); the presence of two CL implies two main reactor coolant pumps (RCP)
in each loop Moreover, a pressuds (PRZ) is located in one HL, namely connected
through a srge line.

Figure 4.5. Configuration of ACME test facility

Sourceli,Y.etali Compar ati ve Experiments to Assess the Effects
Passive Core Cooling D Wuclear &ngigeeriad dnd TRcheoldg9 (HOCAO ,
DOI:10.1016/j.net.2016.06.014
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The PXS has two CMT, two ACC, one IRWST (PRHR HX included), and two sump
tanks set up to simulatewer containment sump.CS). All the tanks are connected to
the direct vessel injection (DVI) to supply safety injection for the RCS. In addition, the
ADS includes two trains (e.@\DS 1- 3) of valves connected to the top of the PZR which
endup (and/or discharge steam) into the IRWST and two trains of-ADR8lves
connected to the hot legs which discharge steam into the atmosphere.

The auxiliary system includes main feed water system (MFWS), main steam system
(MSS), chemical and volume control system (VCS), normal residual heat removal
system (RNS), break and ADS measurement system (BAMS), break simulation system
(BSS), condensate ain system (CDS), instrument compressed air system (CAS),
nitrogen system (NS), cooling water system (CWS), and so on. To measure the flow rate
of the vapour and liquid phase respectively from the break or ADS, five va@der
separators are set up tgaeate vapour and liquid phase, one for break, two for ADS 1

3, and two for AD$4. Moreover, multiines are designed to make wider the range of
flow measurement and the resulting signals more accurate.

In ACME, as show in thesketch inFigure 4.6 nearly 1000 measuring points have been

set for measuring the expected phenomena. The instruments include thermocouples,
flow metres, pressure transmitters, differential pressure transmitters, weighing units,
power mettes, guided wave radar level transmitters and magnetic level indicators, which
are used to measure the temperature, flow rate, pressure, differential pressure, weight,
power and liquid level. ACME used a distributed control system (DCS) for tiae da
acquisition. The control system also plays a role in controlling the logic, monitoring the
parameters and protecting the system.

The ACME test matrix consists 8fl SB-LOCA tests, which includ&2 hotleg or cold

leg breakp DEDVI line break,2 inadvertent ADS actuations atdioubleended break
in PBL. Amongthem, there ar&8 designbasis accidents (DBA) arglbeyond design

basis accidents (BDBA).

Figure 4.6. Schematic of the ACME test accidents
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Source: Courtesy afia Zhong(SNPTC)

For hotleg or coldeg SBLOCA, the break diameter vas&om 2.5cm to 20cm using
different orifices, and the break can be located in the top or bottom of HL or CL of PZR
side or norPZR side. The failed AD8& valve can be located in PZR side or iRZR
side, and the number of the failed AldSalves can be one or two. For DED¥nother
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failure type is the unavailability of CMT. Some information related to conduct of
experimentsn ACME can be derived frorRigure4.6

Furthermore, one ACME test was performed dealing with the fdiluitee isolation of
noncondensable gas in ACC in order to investigate the effect ctondensable gas

on the passive coreooling capabilities. The PXS robustness test was designed by
adjusting the resistance tife injection line througtthe orifice to investigate whether

the requirement of accident mitigation was satisfied. The RNIGtest was performed

in order to verify the function of inventory supplenstat the RCS.

4.2.1.2 ATLAS

The Korea Atomic Energy Research InstitfeAERI) has been operating an integral
effect test facility,advanced thermdiydraulic test loop for accident simulation
(ATLAS) for transient and accidentwulations of advanced pressw@iswater reactors
(PWR). The reference plant of ATLAS is &@0MWe-class evolutionary pressueis
water reactoradvanced power react&rd00 (APR-1400. ATLAS has the same two
loop features as the ARPR400 and is designed according to the vkelbwn scaling
method suggested by Istdnd Kataoka, Ishiend Kataoka 1983, to simulate the
various test scenarios as realistically possible. ATLAS is a halfeight and 1/288
volume scaled test facility with respect to the APR00. The detailed information
related to the ATLAS facility scaling design issdeibed in the literature, e.Ghoi et
al. (2014. With an aim of simulating th@gh-pressurescenarios, the loop was designed
to be operated at up to 18.7 MPa, and’@50’he maximum core power is 2 MW which
corresponds to 10% of the scaled nominal power. The total inventdhe 8T LAS
reactor coolant system i$ 881 nt.

Figure 4.7 showsthe elevations of the ATLAS major components and a schematic
diagram of loop connection. The fluid system of ATLAS consists of a primary system,
a secondary systengnd asafety injection system, a break simulating system, a
containment simulating system, and auxiliary systems. The primary system includes a
reactor pressure vessel, two hegd, four cold legs, a pressarisfour reactor coolant
pumpsandtwo steam generators. Safety injection system consists of four safety injection
tanks, ahigh-pressue safety injection pump, a charging pump for auxiliary spray, a
shutdown cooling pump for low-pressuresafety injection and shutdown cooling
operation. The secondary system of ATLAS is simplified to be of a circulating loop
type. The steam generated at two steam generators is condensed in a direct condenser
tank and the condensed feedwater is again injettethe steam generators. The
containment simulating system of ATLAS has a function of collecting the break flow
and maintaining a specifidzhckpressura order to simulate a containment of a nuclear
power plant.

In the ATLAS test facility, about ®#00 instrumentations are installed to precisely
investigate the thermdlydraulicbehaviourin simulation of the various test scenarios.
Measuring parameters include temperature, pressure, level, power, flow rate, and mass
etc. All the instruments were calibrated by the manufacturers prior to installation in the
ATLAS facility. In addition,in accordance with thguality assurance (Q4progranme

of the KAERI, QAM-THAS, 2013, certificated by the ISOC0®1, major instrumes are
calibrated periodically. The detailed information of the ATLAS facility description and
measurement system can be foimthe literature, Lee et aR(19.

Regarding the passive safety systems, ATLAS has two kinds of passive safety :systems
A passive auxiliary feedwater system (PAFS) ahglbrid safety injection tank (+$IT).
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Figure 4.7. Schematic diagram of loop connection of ATLAS
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PAFS is one of the advanced safety features adopted in the advanced power reactor plus
(APR+), which is intended to completely replace a conventional active auxiliary
feedwater systenfong et al.Z010. PAFS is composed of a steaapply line, a passive
condensation heat exchanger (PCHX), a retuater line, and a passive condensate
cooling tank (PCCT). PAFS cools down the steam generator secondary side and
eventually removes the decay heat from the reactor core by adoptinged c@twection
mechanism With an aim of investing the operational performance of PAFS, the
experimental programe of an integral effect test has beeasrfprmed at KAERI, Kang

et al. Q012. The test facility ATLAS PAFS was constructed to experimentally
investigate the thermddydraulic behaviour in the primary and secondary systems during

a transient when PAFS is actuated. In the ATERSFS facility, a single train of PAFS

was connected tthe steam generator number two (3fsof ATLAS. The detailed
facility configuration of theATLAS-PAFS and the specification and the location of the
instrumentations can be fouirdthe literature, Kang et akQ14).

A schematic diagram of 43IT is also showrin Figure 4.7.In order to perform
experiments related with the-8IT system, four new SHf called HSITs, were
reinstalled to replace the previous SITs in the ATLAS facility. Unlike the previous SIT

of APR1400, the design pressure and temperature condition are the same with those of
the primary components such as the RPVa8@GPZR. In the HSIT systemthetop of

each HSIT is connead with the top of the presswgisby a pressure balance line (PBL)

and there is an isolation lva betweerthe H-SITs and pressues, Lee et al(2018.

Thus, duringhe early transient stage aih accident, HSITs can be operated athigh
pressurethesame as therpssurier pressure aftehe opening of an isolation valve on

the PBL.

ATLAS was constructed in 2005 and a series of commissioning tests were successfully
completed in 2006. More than 115 integral effect test databese established with
ATLAS covering various accident scenarios such as ddmgis accidents (DBA) and
beyond desigibasis accidents (BDBA) for the pat&n years Figure 4.8shows a
roadmap othe ATLAS programme, which includes test items covered in the ATLAS
progranme
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Figure 4.8. Roadmap of ATLAS programme
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With an aim of investigating the operational and cooling performance of new passive
safety systems, passive auxiliary feedwater system (PAFS) &8Id ldre connected

with the reactor coolant system of ATLAS. Therefore, various integraltéffsts were
performed by utili;g the new passive safety systems as listedaable 4.3.

Several integral effect tests usittte ATLAS-PAFS facility were conducted such as
station blackout (SBO), steam line break (SLB), feedline break (FLB) and steam
generator tube rupture (SGTR) accident. In those accident scenarios, the asymmetric
heat removal through the steam generators resittedifferent natural circulation
characteristics in the primary loops with the actuation of PAFS. In addition, the pressure
and temperatures of the RCS continuously decreased during the PAFS operation. Thus,
it is indicated that the PAFS can supply auxiliary feedwater to the steam generator and
efficiently remove the core decay heat without any active system.

To investigate the primary system cdmivnperformance of the passive operation ef H
SITs as a new safety feature for an accident mitigation measure, the station blackout
(SBO) along with an availability of 31T accident scenario was simulated. During the
injection period from the FBIT, the core could be cooled effectively by the safety
injection flow from the HSIT. No peak cladding temperature excursions were observed
during the two safety injection periods. Only after the termination of the safetjionje

flow, the cladding temperature increase was observed. Thus, it was verified that the H
SIT as a passive safety feature showed an effective core cooling performance.

Table 4.3. Test matrix of the ATLAS programme related to the
passive system operation

Test Scenario Test IDs Test Date Description
" — .
PAFSSGTROIR | 612 1 APR+ power condmon,_l.SC_; tube rupture at hot si
SGTR SIP injection
SGTRPAFS0? | 618 . a APR-1400 pOWEI’.COHdItIOI’.l,.S S.G tubesgpture at hot
PAES side, SIP injection
FLB PAFSFLB-EC- 612 0 APR+ power condition, 0.3%break akeconomser,
01 ' LSGP trip, SIP injection
+ 0, iti 0,
SLB SLB-PAFSO1 612 0 APR+ 100% powerincjzzgg:]on, 100% FR area, Sl
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Table 4.3 Test matrix of the ATLAS programme related to the
passive system operatiofiContinued)

Test Scenario Test IDs Test Date Description
N APR+ powercondition,SBO at time zero,
PAFSSBOOL | 613. @ PAFS actuation to SG2 at 25% WR
SBO
AL2 614 1 APR-1400 powepondmon, SBO at time zero, PAF
actuation to SG2 at 25% WR
Station Blackout accident, PassiveSHT's
HEMS-SBO01 | 6 1 7170 1 PAFS failure condition,
SBO Initial H-SIT injection: First POSRYV open
N APR-1400 power condition,
H-SIT B2.1 018. 4 No SIP, 4 HSIT
Passive HSIT & SIT
SB PECCS 617 1 H-SIT operating condition: 10 MPa,
LOCA SBLOCA-01 ' SIT operating condition: 4.21 MPa,
RV depressurisation by using ADV4L

In 2019, acontainment simulating vessel was constructed and connected with the reactor
coolant system of ATLAS. The volume scale of containment simulating vessel is same
as that of ATLAS. Advancement of safety analysis technology is expected by RCS
containment intgrated safety evaluation.

The ATLAS test results simulating various accident scenarios that can be occurred in
the power plant will be used to understand the thehydfaulic phenomena occurring
during the accident transients and to validates#tiety analysis code and related models.
And the ATLAS test data can also be utdi$ to evaluate the performance and thereby
confirm the design concepts of new safety systems, to resolve the raised safety issues.

4.2.1.3 APEX

Westinghouse designed the innovative passive safety systems to enhaneeralie o
safety of AP600 pressudd water reactor (PWR). US Department of Energy (DOE) and
Westinghouse performed test prograeof the advanced plant experiment (APEX) test
facility at Oregon State University (OSU), to obtain passive safety system performance
data for a wide range of desifpasis accidents and to validate the AP600 thermal
hydraulic computer codes.

APEX is a 1/4 height which can be operated at maximum pressure of 2.8GRB\RS,

and Hochreiter 1998. The primary loop, passive safety systems, actuation logic,
portions of the norsafety grade chemical and volume control system (CVS) and residual
heat removal system and the routing of the interconnecting piping have been faithfully
represented in the AAX when compared to ABOO. In addition, the test facility has
been specifically designed and constructed to examine thédomgsump recirculation
coding of AP-600. Major components of the APEX were listed as follows, and the
schematic diagram was shownFigure 4.9Welter et al. 2005.
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Figure 4.9. A schematic diagram of the APEX facility

The APEX Testing Facility
‘ Separator

Steam Generator

IRWST

Reactor

Core Makeup
Tank (CMT)

Source: Courtesy of Peter Lien
Reactor coolant system:
1 1:4 length scale, 2:time scale, 1:192 volume scale stainless steel construction;
1 2 hot legs, 4 cold legs;
1 steam generators;
1 apressurer;
9 a reactor vessel with electronically heated rod bundle and upper plenum
internals.

Passive safety system:
1 core makeup tanks
9 accumulators
1 apassive residual heat removal heat exchanger
1 a4-stage ADS system

The primary system includes a reactor pressure vessel (RPV) that models the upper and
lower reactor internals, the core barrel, the downcomer and the core. An electrically
heated rodbundle provides 600 kW of thermal power to the core simulator. The grimar
loop also includes a presswistwo steam generators, two hot legs, four cold legs, four
reactor coolant pumps, two direct vessel injection (DVI) lines and two coreupiziek

(CMT) pressure balance lines (PBL) as in the@® design.

APEX includes a complete passive safety system: a-dkage automatic
depressurition system (ADS), two accumulators, two CMT, a passive residual heat
removal (PRHR) heat exchanger, ancontainment refuelling water storage tank
(IRWST) and a primary and a secondary containment compartment sump as shown in
Figure 4.9.APEX includes over 750 instruments to measure system temperatures,
pressures, liquid levels, flow rates and mass. It also includes a complete set of automatic
safety system actuation logifta the operation of all of the passive safety systems.
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The major test matrix of the APEX test facility ssmmariged as follows (test type
identification):

)l

=A =4 =4 =4 =4 4 -4 -4 A

|l

Hot andcold leg small break lossf-coolantaccident.
Main steam line break.

Inadvertent automatic depressatisn systems.

Loss of passive residual heat removal system (PRHR).
Partial loss of safety injection signal.

Core makeup tank balance line break.

Direct vessel injection line breaks.

Interactions between safety and reafety systems.
Parametric corencovers

Station blackout.

Long-term core cooling.

Integral effect test data from the APEX provided thermalraulic data for safety code
assessment and the facility scaling viasnd to be acceptable for DO and most
AP- 1000 scenarios. Typical results for the-EBCA test are showin Figures 4.10
and 4.11for the pessurigr pressure and the passive safety injection flow, respectively.
Overall findings from the tests are as follows:

1

Passive safety system operation (with single failure) preventedicooerfor
all small LOCA.

Transition from IRWST to longerm containment sump recirculation occurred
at approximatelgighthours after the test start.

Limiting PRA success criteria was identified by tests with multiple failures.

Figure 4.10. Pressuriser pressure in APEX SBLOCA test

Normalized Pressure
1.00
ADS 1 Sump ing occurs
075 j\‘ CMTinecion  laker and o ok shoun
' ADS 2
0s0 L ADS 3
i ADS 4
025 L
IRWST
- inecton
0.00 L AN 4 A A 1
0 10 20 30 40
Normalized Time

Source: Courtesy of Peter Lien
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Figure 4.11. Safety injection in APEX SBLOCA test

Source: Courtesy of Peter Lien

4.2.1.4 FESTA

An integral effect test loop for SMART (SMARTL), called FESTA (Facility for
Experimental Simulation of Transienand Accidents), Part et 22013, and Bae et al.
(2018, was designed to simulate the integral theriyalraulic behaviour ofystem
integratednodularadvancedreador (SMART), Kim et al. 2014, which was designed

by KAERI as an integral type reactor and gained a standard design approval by the
Korean regulatory bodyheNuclear Safety and Security Commission (NS®G} July

2012.

The objectives of FESTA are to investigate and understand the integral performance of
reactor systems and components, and the theéwyahulic phenomena occurring in the
system during normal, abnormal, and emergency conditions, and to verify the system
sdety during various desighasis events of SMART. The integedfect test data will

also be used to validate the related thesinyalraulic models of the safety analysis code
swch as TASS/SMRS, Chung et al2011), which is used for a performance and deat
analysis of the SMART design. FESTA was basically designed following a volume
scaling methodology. It has fulieight, 1/49volume scale ratios compared with the
prototype plant, SMART and prototypic pressure and temperature conditions, and was
designed to simulate all the major components of SMART. During the scaling analysis
of each component, a thrmvel scalhg methodology of Ishii & Kataokal©@83, and

Ishii et al. 1998, was applied. This consists of integral scaling, boundary flow scaling
and local phenomena scaling. The design pressure and temperature of FESTA can
simulate maximum operating conidits, that is, 18.0 MPa and 380 The scaling ratios
adopted in FESTA wi respect to SMART are summaisn Table 4.4.

Table 4.4. Major scaling parameters of the FESTA facility

Parameter Scaling ratio FESTA design
Length lor 1/1
Diameter dor 1/7
Area dof 1/49
Volume lor d o 1/49
Time scale, Velocity lor2 1/1
Power, Volume, Heat flux log /2 1/1
Core power, Flow rate Ao lor™? 1/49
Pump head, Pressure drop lor 1/1
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The important local phenomena can be identified fronPtiemomenadentification and
Ranking Table (PIRT). The PIRT was developed for importahermathydraulic
phenomena of SMART such as a small break-tdsolant accident (SBOCA) of

SIS, SCS and PSV line breaks, steam line break (SLB) andaviged line break (FLB)
accidentChung et al., 2009.

The fluid system of FESTA consists of a primary system, a secondary system, a passive
residual heat removal system (PRHRS), a safety injection system (SIS), a shutdown
cooling system (SCS), a break simulating system (BSS), a break measuring system
(BMS), and auxiliary systems. The primary system has an integral arrangement except
for the steam generators and is composed of reactor pressure vessel (RPV), reactor
coolant pump (RCP), steam generators (SGs) and primary connecting piping between
RPV and SGs. Theecondary system of FESTA is simplified to be of a circulating-loop

type and is composed of a condenser, feedwater and steam lines, and related piping and
valves. All of the safety system features of SMART are incorporated into the safety
system of FESTAwhich is composed of PRHRS, S&8dSCS. In addition, a passive
safety injection system (PSIS) was added to consider the design change of SMART. A
schematic diagram of FESTA is showrFigure 4.12.

In the FESTA facility, the primary system includes a reactor presassel (RPV) with

a pressurisr installed inside, four interconnecting hot legs and cold legs, shell sides of
four SG, and four reactor coolant pumps (RCP) to simulate asymmetric effects. The
maximum core power is 2.0 MW, which is about 30% of the scaled full power. It is
designed tdave the same pressure drop and heat transfer characteristics and arranged
to have the same elevation and position as those of SMART to preserve the natural
circulation phenomenon.

In the FESTA test facility, 49 instruments are installed to precisely investigate the
thermathydraulic behaviour in the simulation of the various test scenarios. The
instrument signals can be categedsaccording to the instrument type, such as the
temperature, the static pressure, collapsed water level, differential pressure, flow rate,
powerandweight. The core heater cladding temperatures are measured for several radial
and axial locations with more than 270 thermocouples, and the fluid tempsiatthe

RPV are measured with more than 100 thermocouples.
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Figure 4.12. General arrangement of FESTA
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The overall schedule of SMART technology validatisrgiven inFigure 4.13For a
development of integral typpressued water reactor (small reactor), the standard
design approval (SDA) for SMART waertifiedin 2012 atK AERI.
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Figure 4.13. Overall schedule for SMART technology validation
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In order tosatisfy the domestic and international needs for nuclear safety improvements
after the FukushimBaiichi accident, several efforts to improve safety have been made,
and a passive safety system (PSS) for SMARS designed and validated. Saudi Arabia
and Korea started a thrgear project of prgroject engineering (PPE) from December
2015 to prepare a preliminary safety analysis report (PSAR) to review the feasibility of
constructinga SMART reactor inSaudi Arabia and to develop the human resource
capablity to run them.

Meanwhile, an integral test loop for the SMART design (SMARTI, called FESTA)

has been constructed and its commissioning vestsfinished in 2012. Consequently,

a set of desigihbasis accident (DBA) scenarios have been simulated using FESTA with
active safety injection systems since 2013. Additionalyest programe to validate

the performance of SMART PSS was launched and sindls}, and fulttrain PSS
validation tests were performed during 2014, 2@h8f 2016, respectively. Recently,
integral effect tests have been conducted to validate the performance and safety of the
SMART design as a part of the SMART PPE project during 2016 through 2018. When
the SMART PPE project is finished successfully, the supmptests for the domestic
standard design change approval will be performed and the validation testg for th
construction and licensing of SMART FOAKirét of a kind) plants will proceed.

The test matrix of safetselated validation tests for the SMART design is givehable

4.5. The tests include small break lafscoolant accident (SBOCA), feedwater line
break (FLB), complete loss of flow (CLOF), steam generator tube rupture (SGTR),
complete rod assembly withdrawal (CRAW), singled twephase natural circulation
(NC), and total loss of secondary heat removal (TLOSHR).
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Table 4.5. Test matrix of FESTA programme

No St;lt-eerzrio Test IDs Test Date Description
SB-F101 616.10 CMT injection
SB-F102 616.10 SIT injection
SB-F103 616. 11 2 inch Sl line break
1| SBLOCA
SB-F103R 616. 11 Repeat
SB-F104 616. 12 2 in PSV break
SB-F301 616. 12 0.5 inchSl linebreak
2 FLB FLB-01 617.1 feedwater line break
3 CLOF CLOF01 617.1 complete loss of RCS flow rate
4 SGTR SGTRO1 617. 8 steam generator tube rupture
5 CRAW CRAW-01 617. 8. control rod assembly withdrawal
6 NC NC-01, NG02 617. 8 single and two phase natural circulation
7 TLOSHR TLOSHR-01 617.9 total loss of secondary heat removal
4.2.1.5 INKA

The integral teststand KarlstefiNKA) test facility is located in Karlstein am Main in
Germany and is operated by FRAMATOME, Wagner & Leyer, 2015, and Wagner &
Mull, 2017. It represents the RPV as well as the containment of the KERENA reactor
design of FRAMATOME including its passive safety systems. The scaling in height is
1:1 while the volume scaling of the containment is 1:24. The heat exchangers emergency
condenser and containmemioling condenser are scaled in number (1:4) but not in size,
since one of four passive system trains are provided within INKA with respect to
KERENA. Heat can be injected by a 22 MWth Benson boiler. A comparison between
INKA and KERENA is shownn Figure 4.14.

At INKA several separate effect tests of the different KERENA carepts have been
performed, i.econtainment cooling condenser, emergency condenser, overflow pipes,
passive core flooding system. The primary aims are to test the different components and
to determine their behaviour under different boundary conditions.

The separate effect tests were performed in order to investigate the behaviour of the
different passive safety systems of KERENA under different boundary conditions. In
particular, SET were conducted regarding

1 emergencycondenser

9 containment cooling condenser
1 overflow pipes and
1

passive core flooding system.
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Furthermore several integral tests were performed in the last years. These tests
corresponded t®BC of the KERENA reactor (e.gtation blackout, main steam line
break, RPV bottom leak, etc.). IET regarding the DBC of KERENA have been
performed to investigate the interactions of the different passive safety systems with each
other. These tests included

I main steam line break

1 break of a feed water line

1 RPV bottom leak

I stationblackout.
Figure 4.14. INKA (left) and the KERENA design (right)
INKA KERENA
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SourceWagner & Mull, 2017

42.1.6IST

BWXT mPower, Inc. built anntegrated systems test (IST) facility at the Centre for
Advanced Engineering and Research (CAER) in Virginiaitedl StatesMartin et al.,

2016 The facility is used to investigate the operational and transient behaviour of the
mPower SMR. Unlike the mPower, the facility was not built as an integrated design but
with separated vessels, which were connected by pipes. The IST provides a RRAW, a stea
generator, active and passive residual heat removal systems, including a refuelling water
starage tank (RWSTand a pressurés.

Scaling analysis for the facility was done by the hierarchicaltigred scaling (H2TS)
methodology. As a result, the height was scaled 1:1 to investigate the transition to natural
circulation, while the volume and mass flow rates were scaled with péieet. is
generated in the RPV simulator by a 1.8 MW rod bundle, which is electrically heated.

Although the facility was built and commissioned in 2012, no experimental proggam
was released officially. The facility is open to be used by universities, national
laboratoriesandindustries.
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4.2.1.7 MOTEL

A next generation thermdiydraulic test loop, titted modular test IogdOTEL) has

been designed and will be constructed at LUT University nuclear safety research
laboratory,Hamalainerand Suolanen, 2019alrhe key concept of the forthcoming test
facility is modularity: the facility is comprised of interchangeable parts, modules, and
hence it will be able to represent several different types of nuclear power plants as
needed. In this report, the structuretioe first version of the MOTEL test facility is
introduced.

By means of modularity, MOTEL will be able to represent not only one certain type of
a nuclear power plant, as traditionally with integral test facilities, but also sauetehr

power plantypes as needed. Reactor concepts of interest concerning future experiments
with MOTEL include reactors, which have long projected lifetime in Finlanch 513

EPR and AES006 pressuredd water reactors. In addition, different small modular
reactor concepts are of interest. Another design idea of MOTEL has beeuitihtite

facility, it should be able to conduct separate, mixed and integral effects tests with the
facility. Hence, local phenomena, component level behaviour and system level
behaviour can be investigated with MOTEL.

The first configuration of the MOTEL test facility regr&@e nt s Nu Scal eds SMR de
Figure 415, which has a unique helical coil steam generator. The behaviour of this type

of steam generator will be one of the main interests regarding the experiments with the

first MOTEL configuration. The heater element of MOTEL does not model any

particular core dsign, but is a general representation of a nuclear fuel bundle with a

rectangular pitch. The core is designed shorter and wider than traditionally in integral

test facilities in order to study both axial and radial flow behaviour inside the core.

Figure 4.15. MOTEL facility, SMR configuration

Source: Courtesy of Heikki Purhonen (LUT)
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The MOTEL facility will be widely instrumented in order tave the best possible
results from the future experiments with it. The instrumentation of MOTEL will mostly
rely on the traditional poiAiorm temperature, pressure and differential pressure
measurements as well as traditional flowrate measurementsldition, advanced
measurements will be applied to MOTEL when possible.

The first MOTEL configuration will be built in the LUT laboratory during 2019. The
facility will evolve in the future, ad it can be upgraded with elprizontal steam
generators and/or SMR containment.

4.2.1.8 OSLMASLWR

The Oregon State University multi-application small light water reactqgOSU-
MASLWR) test facility is a scaled representation of the MASLWR SMR concept. It is
used to investigate natural circulatiomgmomena within thdesign, Figure 46.

The facility is scaled in length 1:3, in volume 1:254.7 and in time 1:1. As MASLWR, it
consists of a primary and secondary side as well as a containment part. The primary
circuit consists of the RPV, where coreser, steam generator, presserisand
downcomer are located. The steam generator is a helical coil heat exchanger with
14tubes. It thermally connects the primary with the secondary circuit. The latter consists
of the feedwater and main steam system diverse auxiliary components and the secondary
steam generator side. The containment is represented by -@reggure containment
vessel (HPC) simulating the containment interior and a cooling pool vessel (CPV)
simulating the water pool, where the MASLWR is located. Both vessels are connected
by a heattransfer plate. Its surface is scaled in such a way, that it represents the
containment wall, which is cooled by the outer pool. The RPV and the containment
vessel are connected by the ADS lines, including the sump recirculation lines, Modro et
al. (2003; Reyes et al2007; Mascari et al., 2012, andEA (2017). The MASLWR
is the basis for the NuScale design. The @BASLWR test facility has been modified
to simulate the NuScale design. The modified test facility is called NIST &S
integral system testNEA (201 7).

Figure 4.16. Layout of the OSU-MASLWR experimental test

facility
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To assess the operation of the MASLWiRsign and its passive safety system
performance, a testing programa was carried out under full pressure and full
temperature conditions. In this progna® three desigiibasis accidents and one beyond
designbasis accident were covered. The data generated by the testing pnegras

used to assess computer code calculations and provide better understanding of the
thermathydraulic phenomena in the design.

After that, the IAEAInternationalCollaborativeStandardPr o bl em (I CSP) on dl nt
PWR Design Natural Circulation Flow Stability and Thermohydraulic Coupling of
Primary System and Containment During acciden

Table 4.6shows the test performed in the OMASLWR and whose results are
availableto the international community.

Table 4.6. Test performed in the OSUMASLWR testfacility
whose results areavailable to the International Community

Support Test Test Type
OSUMASLWR-001 Inadvertent Actuation of 1 Submerged Az&ve

— OSUMASLWR-002 Natural Circulation at Core Power up to 210 kW
OSU-MASLWR-003A Natural Circulation at Core Power of 210 kW
OSUMASLWR-003B Inadvertent Actuation of 1 High containment ADS Val
ICSP test SR Loss of FeedwatéeFransient

IAEA
ICSP test SB3 Power Mameuwing

4.2.1.9 PACTEL

The PACTEL facility,Figure 417, isdesigned to model the therrtajdraulic behaviar

of VVER-440 type pressursl water reactors (PWR) currently used in Finland. These
reactors haveseveral unique features that differ from other PWR designs. PACTEL
simulates all the major components and systems of the reference PWR, making it a
realistic tool to examine a broad range of postulated accidents and operational transients,
see e.gTuunanen et al., 1998, and Tuunanen et al., 2000.

PACTEL is a volumetrically scaled :@05 facility including a pressurés, high- and
low-pressureemergency core cooling systems, and accumulators. The maximum
operating pressures on the primary and secondary sides are 8 MPa and 4.6 MPa,
respectively. The corresponding values in VVVE®) are 12.3 MPa and 4.6 MPa. The
reactor vessel is simulated withUatube construction including separate downcomer
and core sections. The core itself consists of 144dnljth, electrically heated fuel rod
simulators witha heated length of 2.42 m. The axial power distribution is a chopped
cosine with a peaking factor @f4. The maximum totacore power output is 1 MW,

20% of scaled full power. The fuel rod pitch (12.2 mm) and diameter (9.1 mm) are
identical to those of the reference reactor. The rods are divided into three roughly
triangularshaped parallel channels representing the intersection of the corners of three
hexagonal VVER rod bundles.
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Component heights and relative elevations correspond to those of thedigllreactor

to match the natural circulation gravitational heads in the reference system. The hot and
cold leg elevations of the reference plant have been maintained, including the loop seals.
The hot leg loop seals are a result of the steam generattioluss, which are only
slightly higher than the hot leg connection to the upper plenum. The hot and cold leg
connections to the steam generators are at the bottom of each callecta,roughly
U-shaped pipe is necessary to complete the link to the pressure vessel without sharp
bends. The cold leg loop seals are result from by the elevation difference between the
inlet and outlet of the reactor coolant pumps, just like in otheRPW

Figure 4.17. PACTEL facility

7
Source: Courtesy of Heikki Purhonen (LUT)

Three coolant loops with double capacity steam generators are used to model six loops
of the reference power plant. The steam generators have vertical primary collectors and
horizontal heat exchanging tubes. The scaled heat transfer area of the tubseriegr

The 118 Ushape heat exchanging tubes are arranged in léslayel ninevertical
columns. The average length of the tubes (2.8 m) is about a third of that in-beafall

steam generator (9.0 m). The outer diameter of the tubesnsnl Gvhichcorresponds

to the reference system, and the inner diameter is 13 mm (in the power plamim)3.2

In order to have a higher tube bundle the pitch in the vertical direction has been increased
to 48mm instead of the 2dim of the reference steam generator. The pitch in the
horizontal direction has been maintained. Secondary side steam production is vented
through control valves directly to the atmosphere. The horizontal orientation of these
steam generators is one of tirgque features of the VVER desigm&consequence of

this geometry is a reduced driving head for natural circulation. Another notable feature
is the relatively large secondary side water inventory, which tends to slow the
progression of transients.

The PWR PACTEL test facility is desigd and constructed to be u#isin the safety
studies related to EPR typeegsuried water reactor thermal hydraulics. A significant
design anatonstruction basis for the/¥R PACTEL facility is the utiliation of some

parts of the original PACTEL facility constructed at year 1990. The original PACTEL
facility is used to simulate the thermfaldraulic behavior of the Seiet-designed
VVER-440pressurisedvater reactors currently in use in Finland. The PWR PACTEL
facility consists of a reactor vessel model, two loops with \&r§team generators, a
pressurier, and emergency core cooling systems (ECCS). The pressure vessel model is
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comprised of a Hube constructiomodellingthe downcomer, lower plenum, caed
upper plenum. The core is simulated by BIW electric heater rod assembly which
consists of 144 heater rods. The four loops of the reference PWBngved into two
model loops,Figure 418. The possibility to use the original PACTEL facility for
expected future research needs is maintained.

Figure 4.18 PWR-PACTEL facility

Source: Courtesy of Heikki Purhonen (LUT)

A completely new construction of loops and steam generators is intronuttedPWR
PACTEL facility. The two primary loops with vertical steam generators are fully
representative for PWR applications. Each loop has a steam generator of 51 full size
inverted Utubes with five different tube heights, a hot lagd a cold leg. The
instrumentation of the loops and especially of the primary sitighes is considerably
extensive. All togetherabout 250temperaturespressure, and differential pressure
measurementransducers are attached to allow deeper analysis of steam generator
behaviar. In one of the steam generators, sixubles are instrumented with botteans

top differential pressure measurements for both up flow and down flow sides of the tube.

The specific focus of the PWR PACTEL studies is to gain experience on thermal
hydraulic béaviaur of the EPR type pressueid water reactor and related accident
management procedures. The focus is set on vertical steam generator construction and
operation, in particular. The experimental data base of the PWR PACTEL experiments
will contribute to validation processes of sevam@amnputer codes. Education of experts

on EPR specific issues and preservation of khow on experimental research are the

two majortasks of the PWR PACTEL project. PWR PACTEL is also beitilgs ed

under the internatital cooperationproject ofNEA PKL.

4.2.1.10 PUMA

The General Electric (GE) economic simplified boiling water reactor (ESBWR),
4 500MWt reactor is the latest generation of boiling water reactors (B)yMRat has
been developed over several ye&om the original design @2 000 MWt simplified
boiling water reactor (SBWRBautista et al., 2002. Several improvementseactor
safety including the design simplidation and component standasgtisn, are included
in the ESBWR design, Billig, 1989The ESBWR utilies natural circulation in the
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coolant system instead of forced circulation using recirculation pumps, so plant
simplification can be attained. The GE ESBWR applies three major passive safety
systems in the nuclear reactor safety design. The isolation condenser system (ICS) and
passivecontainment cooling system (PCCS) are sddito remove the decay heat in the
reactor and containment during the lagscoolantaccidents (LOCA), respectively. The
emergency core cooling system (ECCS) in typical light water reactors (LWR) operated
by electrical pumps and its relevant systems is replaced by the gravity driven cooling
system (GDCS) independent of external power to control the inventory of the nuclear
reactor during the accideiRassame et al., 2017.

In order to verify the performance of the newly designed safety systems for the advanced
BWR plant during operational transients and LOCAs several integral experiments have
been performed at full pressure using various integral test facilities (ITF). SB&/R

which relies on natural circulation has evolved from earlier BWR designs by
incorporating passive safety features which require no emergency injection pump and
no operator action or alternating current (AC) power supply. It should be designed to
keepthe core covered for all credible pipe breaks. A comprehensive test and analysis
progranme should be carried out to study the therhgfiraulic performance of the
unique passive safety systems and interactions of their components in the event of
LOCA. Since it is not practicable to build and test a full power prototypical system, a
scaled integral system is required, Ishii et al., 198& is especially true for the design,
operation and analysis of simulation experiments using a scaled model exteimsively
industrial modding and research.

The Purdue UniversitMulti-Dimensional Integral Test Assemb{iPUMA) facility,
sponsored by the United States Nuclear Regulatory Commission (USNRC), is the
integral test facility originally built to assess the integral performance of the GE SBWR
safety function during the postulated LOCA transient, Ishii et al8.1D8e facility (1/4

height and length, 1/46@clume) containgll the important safety systems thie GE
SBWR that are pertinent to the postulated LOCA transient. The facility was upgraded
later by adapting the design changes (1Mefght and length, 1/58@lume) to
represent the ESBWR -Betsegth faadi ciat yed THRP&MAa]
were modified based on the scaling and scientific design study for the ESBWR plant
(Ishii et al.,2006). The PUMA facility is intended to operate at and below 1.034 MPa
(150 Psia) following scram with scaling ratios: pressure (1/1), temperature (1/1), level
(1/4.5), volume (1680), power (1/273.3) and time (1/2.12). A schematic eRMA
facility is shown irLim et al., 2014.

Designdescription of PUMA (against SBWR):
1 Full pressuretransients below 150 psi.
1 1:4 length scale, 2:time scale, 1:400 volume scale stainless steel construction.
1 A-reactor vessel with electronically heated rod bundle (about 40 rods).
1 Maximum power of 450 kW for 2% or less of full power simulation.
9 Aspect ratio scale: 1/2.5.
Passive safety systems: separate vessel component design
1 Drywell.
1 Wetwell.
1 Gravity driven cooling system (GDCS).
1 Simplified ADS system (SRV & DPV).
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1 PCCS (3 units).
1 ICS (3 units).

The PUMAE facility designed for ESBWR is a scalewn integral test facilityvhich
has major components and passive safety systems identical to the ESBWR plant such as
the RPV, DW, WW, GDCS, PCCS, ICS and ADS

After being designed and constructed, the PUMA facilitgs beerused for various
integral and separate effect tests. The major test matrices of the PUMA test facility are
summarsed as follows:

91 Integraltests for DBA of SBWR.
1 Separate effects tests.

Singlephaseandtwo-phase natural circulation;
Low pressure critical flow;

Startup transients (nuclear coupled);

PCCS (blowdown, cycliandlong-term cooling);
SP condensation, mixing and stratification.

1 Integral tests for evaluation of early advanced BWR design (partial simulation).

GDCS in SP;
PCCSdrain into RPV.

1 A series of LOCA tests at the PUMR facility.

Main steam line break (MSLB);

Bottom drain line break (BDLB);

Feed water line break (FWLB);

Gravity drain line break (GDLB);

A PANDA international standard problem (IS#2 counterpart test.

The experimental data obtained t®sts performed at the PUMR facility provided
valuable insights in terms of the performance of ESBWR passive safety systdan
the scenario of LOCAs. Some experimental data of LOCA tests were used in the code
validation. The agreement between the calculated results by the RELAP5 Mod3.3 and
obtained experimental data was found in the comparison, Rassame et al., 2017.

In order to understand how the ESBWR passive safety systemsdeaspbe different

LOCA tests, the crucial parameters gained from the MSLB, GDLB, BDLB, and FWLB
tests are compared and discussed, Lim et al., 2014, and Yang et al., 2015. It is noted that
each LOCA scenario has a different exact duration in each phaseCGA due to its

break conditions such as break geometry, bl@edtion, break flow, etc

According to the test data and comparison results for all break LOCA tests, it is
demonstrated that the passive safety system of the RBN&&ility generally performs

the safety functions in the core decay and containment heat removal following the LOCA
break scenario. The responses of passive sgdiemiifferent LOCA break events are
displayed and discussed via the comparison of crucial parameters. Even the minimum
level of collapsed downcomer RPV water levels for BDLB, FWLB, and GDLB tests
during the bbwdown phase is below the top of active fuel (TAF) level but the estimated
two-phase water levels are higher than the top of active fuel based on the void fraction
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instruments and visual observations. Additionally, the drywell and suppression pool
pressure for all LOCA tests during the test periods are kept under the design limit
pressureRassame et al., 2017.

4.2.1.11 ROSAP-600

Integral effect tests of ROSAP-600 were performed as confirmatory integral
experiments on the safety response of the WestinghousgO@Rlesign. The United
States Nuclear Regulatory Commission (USNRC) and the Japan Atomic Energy
Research Institute (JAERbintly conducted the ROSAP-600 test to provide thermal
hydraulic data of phenomena that would be expected in the prototype. The test data were
used for assessment of safety analysis code ar@DARIesign certificate.

ROSAAP-600 test was performed by modifyitite large scale test facility (LSTF) of
JAERI according to the agreement between JAERI and USKRKita et al., 1996.

LSTF is an integral effect test facility with a full height and full pressure condition. Based
on the analysis results and experience with previous LSTF tests, the USNRC and JAERI
agreed to implement the following modifications to LSTF as shioviaigure 419:

Figure 4.19. Schematic diagram of the ROSAAP-600 facility

Steam Generator

Prossurizcr
i b

7 =, 0
2 7

Pressure
Vessel

Source: Courtesy ofdisukeY onomoto(JAEA).

1 addition of two CMT;

i addition of one PRHR and one IRWST

9 addition of 4-stage ADS, with catch tanks for the stagealves

9 addition of connecting lines for the above components. These included PBL, the

discharge lines for the CMTs and the IRWST, and Direct Vessel Injection (DVI)
lines

replacenent ofthe existing pressums with a fullheightone

addition of a stand pipgo each accumulator (ACC) tank to allow nitrogen
discharge to follow the discharge of the scaled water inventory

1 redudion ofthe depth of cold leg loop seals
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9 increaseén the flow paths between the upper plenum and the upper head, and
between the upper head and the downcomer.

The modified LSTF provides a 1/30.5 volumetrically scaledeigght model othe AP-
600.Some components which already existed in the LSTF could not be exactly scaled
down according to the volume ratio. The thermal power of the core was 5% of the scaled
power. Because the LSTF has only one cold leg per loop, the two CMT are connected to
the sane cold leg in the standard experiment geometry. The system break is always
located in the Boop and represented by using a quick opening valve and a flow limiting
nozzle. The break flow is routed to a catch tank, where the steam component is
condensed, to estimate the tingegrated break mass flowrate on the basis of the level
increase in the catch tank.

Measurements of transient parameters were made for approxima&ely ¢hannels
including about 300 channels for theewly addedAP-600 components. These
measurements are mostly concerned with pressures, temperatures, differential pressures
(DP) and flow rates based on DP measurements-phage flow measurements are
conducted using gamnrray densitometers and drag discs.

Table 4.7 giveshe key data of ROSAP-600 testsShotkinandKukita, 1997.

Most of the SBLOCA tests were run as desipasis accident (DBA) tests with a single
failure assumption. A few tests were conducted with condition of multiple failures
(BeyondDBA) to assess the capability of computer codes for more severe transients.
BeyondDBA tests included ARCL-05, where ADS 1, 2, and 3 valves were all taken to
fail closed, and AHPB-02, where one CMT was not allowed to inject water. A single
failure of anactive component is typically included in all lesiscoolant accident
analyses

The ROSAAP-600 test data provided therrdatdraulic data for safety code assessment
and the facility scaling was found to be acceptable for68@ and most AR 000R
scenarios. Also, the result showed that passive safety system operation (with single
failure) prevented core uncovery for all small LOCAs. The availability of the ROSA
AP-600confirmatory test data facilitated the ABO certification effort and added a
large measure of confidence in the robustness of th808BRlesigrbasis accidents and
multiple failures.
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Table 4.7 Major tests performed in ROSA-AP-600

Test Number Description Key Test Results

Asymmetrical steam generator draining, CMT
AP-CL-03 1060 CLB, bo| recirculation, thermal stratification, rapid condensatig
oscillations, after ADS N2 stops PRHR flow, IRWST|
flow oscillations
Quick depressurisation, presseristays full, Nin CMT

AP-AD-01 ADS-1 opening and PRHR, condensation in CMT, CMT play no maj
role
AP-CL-04 0.50 CLB Similar to 10 CL
AP-PB-01 20 PBL br ¢ Condensation event refills CMA, condensation
oscillations in PRHR
AP-CL-05 16 CLB, ADS 1 Saturation of majoportion of IRWST, system re
closed pressuriation for 40 min
AP-PB-02 10 Mbieak; CMTA

discharge fails closed Hangup of CMT-B level for 90 min

Quick depressurigion, ACGA interrupts flow from

AP-DV-01 DVI line break CMT-A

SourceWagnerandMull, 2017.
4.2.1.12 SPEZ

SPES?2 is an integral systems test of the Westinghous&@@Preactodesign, Figure

4.20. The SPES test was performed to obtain data on the integrated beinauial
performance of the ABOO passive safety systems to validate the computer codes used
to perform the licensing safety analyses for the6®B, see e.gRigamonti, 1995.

Figure 4.19. Schematic diagram of the SPEL facility
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SG-B ADS SG-A
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Source: Courtesy of Fulvio Mascari (ENEA)

The SPES2 is a full height and full pressure facility with an overall volume scale of
1/395, Rigamoneti, 1995. In addition, components and lines have been designed
considering other scaling criteria to better duplicate the68® behaviar such as:
conservation of thermodynamic conditions, preservation of fluid transit time, heat flux
conservation in heat transfer components and conservation of elevation in lines and
components. The following scaling criteria have been applied to comgscarahiines

to betterduplicate the AP600 behavio

9 conservation of thermodynamic conditions;

1 power to volume ratio conservation in eadmponent
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power to mass flowrate ratio conservation;
fluid transit time preservation;
heat flux conservation in heat transfer components;

elevation maintained in lines and components;

=A =/ =4 =4 =4

preservation of Froude number in the primary circuit loop piping in order to
preserve the flow regime transition to a stratified flow that would be expected
for small break LOCA situation in horizontal piping.

Thereactor coolant syste(RCS) is composed af
1 full height scale, 1:395 volume scale
1 twoloops (hoteg and two cold legs per each lopp)
{ two steam generators
9 a pressurisr,
1 apower channel with electronically heated rod bundle (#99) and lower

plenum, riser (including the core), downcomer (DC), upper plenum, upper head
(UH) and downcomeupper head bypass (DCUH by-pass).

And the facility is constituted ba
power channel

loop piping and pumps
pressuristr;

steam generatars

=A =4 =4 =4 =4

passive safety systems.

The facility includes the following passive safety systems:
two core makeup tanks

anin-containment refuéhg water storage tankRWST);
apassive residual heat remoyBRHR) system

two accumulators (ACQ)

=A = =4 =4 =4

afour-stageautomatic depressudason systenfADS).

The SPES test matrix examines the performance/capability of the6®® passive
safety systems in mitigating the effects of postulated DBEs, and provide useful data for
computer code development and validation. The initial and boundary test conditions
challenge the passive safety systems, provide direct comparisons bstlemted tests,
and/or match the limiting assumptions used in safety analysis computer codes including
the worst single failure.

Table 4.8 gives test descriptions of the SPEBacchiani et al 1997 (see also
Westinghous¢1995, and Rigamonti1995).
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Table 4.8. Major tests in SPES2

Test ID Description Test Contents

Heatup of the CMT water occurred prior t(
S0041 10 di ameter br e g ADS actuation; CMT water flashing during
depressurisation

!

20 di a mesimelationlinrthe 3
S00303 bottom of a coldeg loop pipe
(containing a CMT balance line)
20 LOCA si mul at i| Interaction of the passisafety and non
of the active, noisafety systems safety systems

20 break simul at
S00605/S01007 and in the coldeg to the CMT
balance line

The base case LOCA (other LOCA
situations may refer to this)

S00504

The effect of break location on thc passive
safety system mitigation capability

Minimisationof the amount of safety
DEG break simulation of one of twq injection flow delivered to the reactor vess|
DVI lines (only one of two CMT, accumulators and
IRWST injection lines works)
: : : The effect on the faulted CMT and provide
soogog | DEC break simulation of oneifl. | i on | CA with the DEG DV
coldleg to CMT balance line LOCA

The combined effect of manual SGTR

S00706

SGTR with operator action and no

S01309 ) recovery actions (used in current plants) a
safety systems operating : )
passive system operation
SGTR without operator actions ang
S01110 without operation of active, nen The capability of the passive systems to
safety, pumped injection/heat terminate the event without intervention
removal

The effect of backflow from the faulted
steam generator on ADS depressation.
The data for determining primary system
boron concentration versus time

SGTR without operator actions or
S01211 non-safety system operation but wi
theinadvertent actuation of the AD

SLB (break size was scaled to . .
simulate a 1.388FAP-600 break Three PRHR HX tubes to maximise primal

S01512 system cooling and better simulate two

area) under hot zero power and ng o
)u z P_W PRHR HX operating in the ABOO
core decay heat conditions

SourceBacchiai et al. (997).

The passive safety systems are required to provide sufficient water for LOCA mitigation
over a long period of timeandthus CMT drairdown. ADS actuation, accumulator
delivery, and primary systedepressusgationto IRWST delivery all occur. Therefore,
eight different LOCA simulations varying in size and location were tested to observe the
integrated operation of the passive system over a wide range of conditions.

Three SGTR tests were performed at SRPE&Il these tests modeld a full rupture of

a single steam generator tube. All tests were teiiafrom full power operating
condtions and used losow pressurier level to initiate reactor trip and safety system
actuationsSteam line break test was simulated a large siegteed SLB. It provided a
rapid primary system cooldown transient and demonstrated the ability of the CMT to
provide primary system mass addition without requiring ADS actuation.
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4.2.1.13 VISTATL

The VISTAITL, Figure 421, is a smaliscale thermahydraulic integral effect test
facility for the SMART design, which was des&d and constructed during 262010.

It is a modified version of an existing VISTA (experimental verification by integral
simulation of transient and accident) facility, which was operated for the verification of
SMART-P (piot plant of SMART) during 2002008. Itcansimulae the SB-LOCA,
CLOF and PRHRS performance for the SMART design and contributed to the
enhancement df h e d easety gna pesformanc

Figure 4.20. Schematic diagram of the \STA-ITL facility

Becak wm
BP-Y; sadety b
B2 SOS w
BP) PZR W

Source: Park et al. (2014).

VISTA-ITL, Figure 421, Park et al(2014), was designed based athreelevel scaling
methodology, integral scaling, boundary flow scaling and local phenomena staling.
major scale ratios are as follows:

1 length: 1/2.77§asedn elevation difference between core and SGregnt
area: 1/472.9 (based on core flow area);

volume: 1/1310;

pressur@ndtemperature: 1/1;

time: 1.664;

core power: 1/787;

=A =4 =4 =4 =4 =4

pressure drop: 1/2.77.

The primary loop of the VISTATL facility is a single loop and is composed of a reactor
pressure vessel (RPV) with a core heater, arste@ssurisr, a main coolant pump
(MCP), a steam generator (SG), and an interconnecting hot leg and eodosvrThe

design pressure and temperature are 172 bar and 350 °C. The required core heater output
is 419kW and the primary system cooling rate is 2k§8s. The SG houses 12 coiled

tubes and the PRHRS is composed of an emergency cooldown tank, a heat exchanger
and amakeup tank. The safety injection system includes a iefgelater tank, a safety
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injection pumpand a charging pump. Finally, break simulation system covers three
breaks of SIS (BR), SCS (BF2), and PSV (BR). The break flow was discharged into

a break measuring system, which consists of a separating vessel and two measuring
vessels.

Several tests were conducted in support of the SMART design verification. All the tests
were done in the cause of the SMART standard design approval and technology
validation programme. A set oftests for SBLOCA, Park et al. Z0173), CLOF, Min et

al. (2014, and PRHRS perfarance, Park et al201®), to understand the general
behaviar and assess the safety of the SMART design. The test results were used to
validate theTASS/SMRS code, Chung et al2Q1]), andthe MARSKS code, Chung

et al. 005.

Three SBLOCA tests were successfully performed and providedvalidae the
TASS/SMRS code;Table 4.9.

The break types are guillotine breaks, and their break locations are at the safety injection
system (SIS) line (nozzle part of the RCP discharge), at the suction line of the shutdown
cooling system (SCS) (nozzle part of the AR8uction), and at the presserisafety

valve (PSV)line connected to the pressuistop. Additional SBELOCA tests were
performed for various initial and boundary conditions with some facility modifications.

Also,an i ntegr al e ect test was successful
simulation capability of the TASS/SMR code for a complete loss of reactor coolant
system (RCS) pbow rate (CLOF) scervtate i o f
conditions wereachieved to satisfy the initial test conditions presented in the test
requirement; its boundary conditions were accurately simulated, and the CLOF scenario
in the SMART design was reproduced properly using the VIEMAfacility.

Table 4.9. Test matrix of the VISTA-ITL programme

Test type Test ID Date

S == ne break SBLOCA and RCP
SB.SIS-06 December 2010

SBLOCA phase |

SB.-SCS-01 December 2010

SB-PSV-01 December 2010

tog
PRHRS actuation during the steady state ope

line break SBLOCA and RCP

cak SBLOCA and pressurizer

PRHRS-SS-N1 April 2011 ration w
power
PRHRS-SS-N2 Aneil 2011 PRHRS actuation during the steady state operation with 20
= ot ;\l‘.\\f
PRHRS performance
ra
PRHRS-SS-N3 April 2011 .
PRHRS-TR-A3 wperation of SBLOCA
C RCS CLOF-01
CLOF-02 ¢ (repetition
SR.SIS. 07 Apeil 2011 ne break SBLOCA and RCP
S-3>-L pru 200
fie SB-SCS-04 November 2011 line break SBLOCA and RCP
odifica
SB-PSV-02 October 2011 line break SBLOCA and pressurizer

4.2.2.Separate effect test (SET) facility

4.2.2.1 CLASSIC

The @nceptual design of an advanced nuclear power plant under development in Korea,
iPOWER (innovative passive optised worldwide economical reactor), includes a
PCCS (passive containment cooling system) to depressamid cool down a reactor
containment building during any destpasis accideniThe @oling mechanism othe

PCCS is a condensation heat transfer outside a vertical heat exchanger tube bundle and
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natural circulation inside the tube and a large water pool of passive condensation cooling
tank (PCCT), Cheon et al.2006.

To validate the cooling performance and evaluate the condensation heat transfer
characteristics of the PCCS heat exchanger, a separate effect test Gadibty
CLASSIC has been designed and constructed in KAERI (Korea Atomic Energy
Research Institute) using a prototypic single baet &echanger tube, Park et 2016.

The CLASSIC is composed of a containment simulation vessel (CSV), a PCCT, a
vertical heat exchanger tube, a circulation pump, flow control valves, piping, and their
supportingstructures as showin Figure 422. A single bare heat exchanger tube with

an equivalent diameter, thickness and length as the prototype PCCS heat exchanger
design was installed in the CSV. The CSV was designed to have sufficient volume to
simulate the actual conditions of a prototype macbntainment building. In the test
facility, the natural circulation pipe connected the heat exchanger inlet and outlet to the
PCCT water pool, wherthe position of a returfwater line nozzle at the PCCT wall

could be varied by adjusting valves.

Figure 4.21. CLASSIC test facility
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SourcePark et al., 2016

Since a driving force othe PCCS is a natural circulation, twihase flow instability

inside the cooling pipe can be observed when the fluid is sufficiently heated up to make
a phase change. From the test result in the previous research, the heat removal capability
of the PCCS was quantitatively evaluated considering the effect of @omensable

gas concentration, a total mixture pressure,amall subcooling, Bae et al.2018).
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Thus, the separate effect tests were conducted to evaluate the heat removal capacity of
the PCCS heat exchanger and the flow instabilitysiridi the CLASSIC test facility.

With an aim of investigating the condensation heat transfer characteridiesRECS

heat exchanger, the tests (SEable 4.1) were performed under the various test
conditions with varying total pressure inside the CSV, tube waitsoling degree, and
noncondensable gas fraction. The rndensable gas inside the CSV was simulated
using air, and the test was conducted while maintaining the total pressure constant and
adjusting the air fraction. The cooling water at room temperatasgorcedly circulated

in order to obtain the experimental data with the waltlsodling of the heat exchanger
tube at 40, 5@nd60 K, respectively. The amount of heat removal byheet exchanger

tube was calculated by using the difference of the fluid enthalpy between tube inlet and
outlet. The wall heat flux and the condensation heat transfer coefficient were calculated
by measuring the cooling water temperature inside the tubdhantlibe outer wall
temperature at a total afnepoints.

Table 4.10. Test matrix of CLASSIC facility

HX tube Pressure | Wall sub-coolin Non-
Test ID inclination 9 condensable Additional notes
(MPa) (K) .

© gas fraction
PCCSS0-P02FC 0.2
PCCSS0-P0O3FC 0.3

0 40- 60 0.17 0.6 Forced circulation
PCCSS0-P04FC 0.4
PCCSSO0-PO5FC 0.5
PCCSS5P03FC 0.3

5 40- 60 0.17 0.6 Forced circulation
PCCSS5P04FC 0.4
PCCSS0-PO2NC 0.2
PCCSSO0-PO3NC 0.3

0 40- 60 0.17 0.6 Natural circulation
PCCSSO0-PO3NC 0.3
PCCSS0-P04NC 0.4
PCCSSO-PO3NC 0 0.3 40- 60 0.17 0.6 Natural Circulation

The representative test matrix using a single bare heat exchanger tab€bASSIC

facility is listed inthe Table 4.10. Theesults of the performance verification test showed
similar tendency to the results reported by the external wall condensation experiments
of the conventional heat exchanger. As the wallsutling degree increases, the heat

flux increases, but the condensation heat transfer coefficient tends to decrease due to an
accumulation effect of neoondensable gas around the wall. In &ddj when
compared to other experimental results, the present test results showed the reasonable
trend for the pressure and diameter effects on the condensation heat transfer
characteristics.

To investigate the condensation heat transfer characteristiesRIECS heat exchanger,

the bundle tube heat exchanger was installed inside the CSV instead of the single tube.
Ant the bundle tube tests are in progress with various test conditions to evaluate the
cooling performance othe PCCS. Thosgest results also can be utdi to validate
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prediction capability of a thermalydraulic system analysis code for an accident analysis
with the PCCS.

4.2.2.2 PANDA

The PANDA facility, Yadigaroglu1996, Shiralkar et al. 997, and Yadigaroglu &
Dreier (1998, wasdesigned to investigate the containment of the ESBWR with passive
containment coolingsystems, Paranjape et a0(8. The facility is composed of
interconnected vessels and pools as shovigiare 423. Thetotal height of the facility

is about 25m and the maximum operating conditions of the facility are 1 MPa and
20C°C.

The containment volumes in the facility are simulated with six cylindrical pressure
vessels, which ar¢he ractor pressurevessel (RPV)dry well (DW), suppression
chamber (SC) owetwell (WW) andgravity driven core cooling system (GDCS) pool.

Figure 4.22. Major components of the PANDA facility

25m

Condenser Pools

Source: Paranjape et &0(8.

The total volume of the vessels is about 460without RPV. The RPV has an inner
diameter of 1.23n and the height is 19r8. One lundredandfifteen electrical heaters

with a maximum power of 1.5 MW are installed in the RPV. The DW and the WW are
both simulated by two cylindrical vessels. Each DW vessel has a height of 8 m and a
diameter of 4 m, and the DWs are connected by an interconnecting pipeh@rheight

of the WW is about 10 m.

At the top of the facility, four rectangular pools, which are open to the atmosphere, are

installed with four heat removal condensers. One condenser is the isolation condenser
(IC), which is connected to the RPV. The three other condensers are the passive
containment coolers (PCC) connected to the DW. The total volume of the condenser
pools is about 66n°. Auxiliary systems are available to add or remove water, sbeam
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gas at each vessel. The primary purpose of the auxiliary systems is to establish the test
conditions and to guarantee wdbfined boundary conditions for the test.

The experimental programes conducted inthe PANDA facility are summarés in

Table 4.11, Paranjape et al., 2018. The related phenomena for major pneg@m

listed in Table 4.12Paladino et al2016. The facility initially focused on passive decay
heat removal systems and the containment phenomena in the simplified boiling water
reactor (SBWR). As part of the ukopeanUniond dourth and fifth Framework
Progranmes, tests for a passive safety system were conducted for two different reactor
types, the EBWR design from GE and the SVWIRO00 design from Siemed€WU.

Within the EU 7th Framework Programein 2010, a joint project between EURATOM

and ROSATOM, ERCOSAMSAMARA, was performed to investigate the containment
thermathydraulics issues related to severe accident management.

In 2001, theNEA initiated the SETH projecDe Cachard et al2007), to provide data

on threedimensional gas flow and distribution issues in the containment, which are
important for code prediction capability improvements, accident management and the
design of mitigating measures. A series of 25 tests were performeestigate mixing

and stratification phenomena in a large mattmpartment gas volume represented by

the two largedry well (DW) vessels and thimterconnectingipe (IP) of the PANDA

facility. These experiments provided data suitable for the validatilompfed parameter

(LP) and computational fluid dynamics (CFD) codes. The SETitoject from 2007 to

2010 consisted in the study of basic phenomena, component tests and integral tests
carried out in PANDA as well as in the MISTRA test facility at CEA Saclay

In 2012, the Swiss nuclear project ESFP, conducted in PANDA, focused on the hydrogen
concentration buildip in a containment building during a postulated severe accident.
The effect of wall condensation and vent locations were investigated. In 2013, 2APAND
experiment addressing erosion of stratification by negative buoyant plume was
performed and used for tiNEA blind benchmark.

In the frame of theNEA HYMERES (hydrogen mitigation experiments for reactor
safety) project (201:2016) an experimental campaign was performed in PANDA and
MISTRA (CEA, Saclay, France) facilities to study the hydrogen distribution into nuclear
plant containment, during a pafated severeaccident, Paladino et al2@14. The

PANDA and MISTRA tests addressed realistic flow conditions, the activation of a
combination of safety systems such as spray or PAR, and some selected integral accident

scenarios.
Table 4.11. Experimental programme in PANDA facility
Test programme Objectives
ggétggs Investigation of passive decay heat removal systems for SBWR

19961998 Passive decay heat removal system testSW8R-1000 (IPPS Project) and ESBW

EC 4"FWP (TEPSS Project)

19982002 Passive Containment Cooling System (PCCS) performance in very challe
OECD ISR42 | situations, represented in six different phases

19992004 Effect of hydrogendistribution on passive systems (TEMPEST Project)

EC 5"FWP investigation of BWR natural circulation stability (NACUSP Project)

ZOON":AOOG Gas mixing and distribution in LWR containments (SETH Project)
20072010 . . . . .
NEA Resolving LWR containment key computational issues (SETRoject)
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Table 4.11 Experimental programme in PANDA facility

(Continued)
Test programme Objectives
20102014 Containment thermahydraulicsof current and future LWRs for seveaecident
EC 7" FWP management (ERCOSAMroject) (ceordinatedwith the ROSATOM SAMARA
project)
20122013 .
Swiss Nuclear Experimental programme on Spent Fuel Pool (ESFP)
20;?;:)14 PSI PANDA benchmark (associated with CFD4ANRS
20;?;2;)16 HYMERES (Hydrogen Mitigation Experiments for Reactor Safety)
20;;1021 HYMERES (Hydrogen Mitigation Experiments for Reactor Safety) Phase 2

SourceParanjape et al. (2018).

Table 4.12. Phenomena of major test progranmesin the PANDA

facility
Project/type of Basic Components Fundamental Systems Scaled
investigation phenomena scenarios
OECD/NEA: Hydrogen stratification
SETH build-up, one phase
2003-2007 plume, jets
OECD/NEA: Spray, cooler heat
SETH-2 Hydrogen stratification sources
2007-2010 break-up, one phase
OECD/NEA Pl las
CFDANRS-5:
2012-2014
PSI/ENSI/IRSN: LINX Wall condensation/re- Physical
2011-2014 evaporation model
development
PS5 -swissnuclear Spray/
LINX aerosol
2014-2017
EU-ROSATOM Spray, cooler, heat From generic
ERCOSAM-SAMARA: sources containment to
2011-2014 different
facilities
OECD-NEA: HYMERES Diffuse flow by flow- Spray+ cooler; 2 DW-WW;
2013-2016 structure interaction sprays, 2 PAR, etc. SGC

Source: Paladino et aRk@16.

4.2.2.3 PASCAL

The PAFS condensing heat removal assessment (B&CAL) was constructed at
KAERI to experimentally investigate the condensation heat transfer atalna
convection phenomenaFigure 424. A single nearly horizontal Utube whose
dimensios and materia arethe same as the prototypic-tube of the advanced power
reactor plus(APR+) passive auxiliary feedwater systegiffAFS) is simulated in the
PASCAL facility. The PASCAL facility was designed according to a volumetric scaling
methodology. The methodology preserves the elevation change between the heat source
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and the heat sink in a natural circulation loop under the same pressure and temperature
conditions of the prototype system.

The PASCAL facility simulates a single tube among 240 tubes in the prottthgpés,

the volumetric scaling ratio of the facility is 1/240. The volume of the PCCT pool was
also reduced to 1/240 of the prototype. In order to preserve natural convection flow in
the PCCT, the height of the water pool was determined to be the sahe a$ the
prototype. The length of the PCCT was designed to bengwhich is a half of that of

the prototype, since the bundles are placed in two rows. Therefore, the fntidtiP€CT

is 0.112m, which is equivalent to 1/120 of that of the prototype.

PASCAL is composed of a steasupply line, a passive condensation heat exchanger
(PCHX), a returawater line, and a passive condensate cooling eaICT), see Figure
4.24. Fulfilment of the heat removal requirement via PAFS was verified and the effect
of noncondensable gas and the stgrttransient of PAFS were investigated in the
PASCAL test.

Figure 4.23. Configuration of the PASCAL facility

Circulation Pump

Steam
flow

Source: Courtesy of Kyourigo Kang.

By performing the PASCAL test, the major therrhgtraulic parameters such e
local/overall heat transfer coefficients, fluid temperature inside the tube, wall
temperature of the tube, and pool temperature distribution in the PCCT are produced to
evaluate the current condensation heat transfer model and also to prdatdease for
validating the calculation performance of the safety analysis codes with respect to PAFS,
Kang et al. 2012. By performing the PASCAL test, the major thershgtraulic
parameters such as local/overall heat transfer coefficients, fluid temperature inside the
tube, wall temperature of the tube, and pool temperature distribution in the PCCT are
produced to evaluate the current condensation heat transfer model and alsod® provi
database for validating the calculation performance of the safety analysis codes with
resgect to PAFS, Kang et alQ12.

The PASCAL test matrix is composedfivle kinds of test itemsTable 4.13:

1 quaststeady state heat transfer test (SS)
1 PCCT level variation test (PL)
i inadvertenMSSV opening test (MQ)
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1 PAFS actuation test (SU), including stag;
1 noncondensable gas effect test (NC).

The cooling and operational performance of PAFS is discussed based on the
experimental findings of the SS and PL tests.

Five test cases of quastieady state heat transfer and PCCT water level decreasing were
completed with varying the thermal power of electrical heaters in the steam generator
from 300kW to 750kW. In each test case, a quateady state condition of the system

was simulated by the SS test, and the PL test was subsequently performed with an aim
of investigating the thermddydraulic behaviour during the decrease of the water level

in the PCCT.

The separate effect test for validation of the cooling performance of the PAFS was
performed according to the maximum heat removal requirement of the PAFS. Since it is
required for a single train of the PAFS to remove 138/8 as a maximum heat removal

rate, the test condition was determined according to the scaling ratio of the facility.
Therefore, 54&W of thermal power was supplied in the steam generator heater as a
rated power. The water in the PCCT was maintained in the saturated state at an
atmosphdc pressure. When the pressure, temperaandflow rate reached a steady
state at the constant thermal power condition, the heat removal rate and the natural
convection flow were measured allvertentMSSV opening test (MO) was performed

to validate the cooling performance of the PAFS during the MSSV (Main Steam Safety
Valve) opening. As an initial state, the quaigady state condition of a constant thermal
power (54kW) was simulated, which was compared to the result of ti@48%1 test.

After achieving the quasiteady state condition, the therahgidraulic behaviour in the
system was investigated during an abrupt open and close of the MSSV. One PAFS
actuation test (SU) was performed to verify the characteristic of natural circulation after
initial startup of PAFS in consideration of the stadglion of the natural circulation
system. In addition, the coolant temperature distribution inside PCCT and cooling
performance of PCHX were measured during sipnbhase. Nowwondensable gas effie

test (NC) was carried out to determine the heat transfer characteristics for the case where
the noncondensable gas exists in the natural circulation system and to develop an
improved heat transfer correlation.

Table 4.13. PASCAL test matrix

Test Condition SS PL MO SuU NC
Power PCCT (fo((:)(lé;t Steady PC(_:T level | MSSV Startup Non-condensable)
[kW] Level [m] Temperature state (until 3.5m) open gas (Up to 1%)
100 8.9 Saturated 1
200 8.9 Saturated 1
300 8.9 Saturated 1 !
400 8.9 Saturated 1 !
540 8.9 Saturated 1 ! 1 1 1
650 8.9 Saturated 1 1
750 8.9 Saturated 1 1
Note: quasisteady state heat transfer test (SS); PCCT level variatiofPtestinadvertent MSSV opening test (MO), PAFS

actuation test (SU), including starp; norcondensable gas effect test (NC).
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4.2.2.4 PASI

The PASI test facility, built in 2018eeFigure 425, is a model of an open type passive
heat removal system typically used for containment coolifigmaléinen & Suolanen

[Eds.] 2019. The reference system for the PASI test facility isghssive containment

heat removal system {EHRS) of the AES006 type pressised water reactor (VVER

type PWR). The functioning of the system is based on natural circulation. With the PASI
facility, the objective is to conduct tests to measure system performancetetistias,

and to detect issues that could disturb the operation of a passive system or prevent it
from functioning as designed.

The PASI test facility is a oA@op system with open pipeline connections to a water
pool. The PASI test facility consists of a pressure vessel simulating containment
conditions, a heat exchanger, a water pool and interconnecting riser and downcomer
pipelines. The pressure vessel around the heat exchanger provides containment
environment and the water pool acts as a water reservoir for the system. Additional
systems are included to provide steam, collect condensate water, remove heat and inject
feedwater.

Figure 4.24. PASI facility at University of Lappeenranta

Source: Courtesy of Heikki Purhonen.

4.2.2.5 PERSEO

PERSEO has a special role within the context of issuing the pasannent since it is
utilised for thebenchmark on passive systems. Therefore, more details (namely sketches,
experimental data and references) can be found in the Addendum.

PERSEO (impool energy removal system for emergency operation) is esdale
facility for investigation of a new passive decay heat removal system operating in natural
circulation. It was built at SIET laboratories in Piacenza (ltaly) altering the glread
existing PANTHERS I&PCC facility. The facility was designed as an evolution of a
CEA-ENEA proposal (thermal valve device) moving the SBVWIRtrigger valve from

the primary side drain line to the poolside. Therefore, the main innovation in PERSEO
facility is the presence of two pools connected by a line with a triggering valve. During
normal operation the valve is closed and the pool which contains the heat exchanger (HX
Pool) is empty. The other pool (overall pool) is filled with cold water. The triggke

is opened in emergency, leading to a flooding of the heat exchanger. Consequently, heat
is transferedto the HX Pool from the primary side to the pool. Moreover, the pools are
connected at the top by a pipe, which ends witlngctor, acceleratinthe produced

steam under water to promoletcirculation and the homogeaiti®n of the temperature
within the water and to delay the boiling and steam release in the containment. The
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system was investigated in order to verify its operating principle, steadiness and
effectiveness by performing a series of component tests concluded in November 2002.

PERSEO equipment was not designed to simulate a specific passive system of a
particular reactor (as it happened in SPES and PANTHERS facilities, for example). Its
main purpose is the assessment of the performance and the efficiency of apaelv in
heat exhanger for decay heat removal, implementing natural circulation.

The pressure vessel (V = 43, = 13 m) is connected by the steam and condensate
line to the upper and lower header of the heat exchanger. The heat exchanger pool (V =
29m?, H = 5.7m) is connected at the bottom with the bottom of the overall pool (V =
173m?° H = 5.8m) by a line with the triggering valve.

ThePERSEO experimental campaign was carried out at SIET in October and November
2002. Five shakedown tests (tests Nos. 1 to S)able 4.14,were performed to
characteris the main parameters of the facility and to verify the correct functioning of
all the equipmein(e.g.water pouring off from the OP and the HXd®uctural integrity,
pressuriation and heatip of the pressure vessel, etc.). After that, four-dallle) tests

(tests Nos. 6 to 9), see alfable 4.14, wergerformedin order to charactese the
thermathydraulic behaviour and the operation/performance of the proposed IC design
at different conditions, during a generic transient progression and the related stability.

Table 4.14. PERSEO test matrix

Test Test conditions Description
- pool side check

Atmospheric pressure

.. - cold watermpoor-off from overall pool to HX Pool with HX poo
1 | cold conditions waleip v P w P
uncovered

Atmospheric pressure - pool side checkcold water pocoff from overall pool to HX
2 | Cold conditions pool with HX pool covered
3 Primary side pressure up to 6 M| - adiabatic test: pressurisation and hagabf the primary side witt

in saturation conditions HX pool empty
4 | Primary side pressure: 4 MPa - integral test

Primary side pressure up to 9 MR
5 | cold conditions - primary side pressurisation

- integral test interrupted at the beginning of the pool I¢
decreasing

- stability and integral test

7 | Primary side pressure: 7 MPa - partial and subsequent HX pool filling with reaching of boili
conditions and level decreasing

6 | Primary side pressure: 7 MPa

_ _ - stability test
8 | Primary side pressure: 7 MPa | _hartial HX pool filling with reaching of boiling conditions

9 | Primary side pressure: 4 MPa - integral test

SourceFerri et al., 2002
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4.2.2.6 SIRIUSSD

TheSIRIUS-3D facility can reproduce the boiling twzhase flows in &ull-scaled LWR

fuel bundle with high timepace measurement capability. The facility is situated at
CRIEPI in Japan. The test loop consists of the reactor core and primary reactor coolant
system; see Figure 426a and Figure 4£6b. The facility can be operated form
atmospheric pressure to 9 MPa and at a maximum coolant temperature of 305 °C, and a
maximum flow rate of 24n%h. The test section can be loaded with a BWR or a PWR
fuel assembly that consists of electrically heated HodSIRIUS 3D, two charateristic
measurements are possible. Onetisreedimensional void fraction measurement with
X-ray CT and timaesolve measurement with-bdy RTR (reattime radiography)The

other isa measurement by the sabannel void sensor (SCVS). In addition to the wire
mesh sensor (WMS), SCVS uses heating rods as electrodes to measure the void fraction
between the rods (centre schannel). This makes it possible to measietime-
dependent local void fraction with more measurement pointsstbanventional WMS.

With regard to the plant states, it is possible to create core conditions of normal operation
(NO), anticipated operational occurrences (AOOSs), delsggis accidents (DBAs) and
severe accidents (SAs). The surface temperature of ther meds can be heated up to
600°C.

Figure 4.26a SIRIUS-3D test facility

Source: Courtesy @dyoungUhn Bae
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Figure 4.26b. SIRIUS-3D test facility with high-energy X-ray CT
system
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In SIRIUS-3D, several research projects have been conducted in parallel, for tdsting
thereactor core thermddydraulicsand core coolability in normal operation, AOO, and
accident conditions, as giveénTable 4.15For normal operation, saboledboiling tests

with a heater rod in annular section and 5x5 bundle tests are conducted for model
development ando create &iCFD gradeé validation database to improve prediction
accuracy of local void fraction in future fuel bundlédl/ith regard to DBA,
measuements of bubble behaviour and critical heat flux (CHF) during reactivity
insertion accidents (RIA) have been conducted underdod highpressure conditions.

For severe accidents, study on core coolability and flow oscillation characteristics during
core uncoverin case of loss oOECCS, Arai et al.Z2016, and Arai et al. Z019. This
experimentis continuing with PWR fuel assemblies. It is planned to start new
experiments assuming anticipated transient without scram (ATWS).

SourceFuruya et al(20095.
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Table 4.15. SIRIUS-3D test matrix

Tests Test conditions Description

1 Normal operation
1 To measure subcooled boiling, ONB, OSV, crfiew, void
fraction

Subcooled boiling tests with
single rod: 7MPa

Fuel bundle tests with 5x T Normal operation o .
2 1 To measure subcooled boiling, ONB, OSV, criew, void

rods: 0.1, 1, 7MPa . o . .
fraction distribution with partial length rods

Coreuncovertests for BWRs] ¢ To measure tw@hase water level, core coolability and flq
0.1, 7MPa oscillation in a BWR fuel assembly

Coreuncovertests for PWRs: | § To measure twghase water level, core coolability and flq
0.1, 7MPa oscillation in a PWR fuel assembly

i To measure bubble behaviour and CHF with sudden p

5 RIA tests: 0.1, 7MPa .
increase

6 ATWS tests 1 To be planned

4.2.2.7 TOPFLOW

TOPFLOW (transient twgphase flow test facility) has been built as a npultposdest
facility at HZDR in Germany. It is designed for determining stationary and transient
two- phase flow phenomena at high temperatures and pressures.

The facility is equipped with an electrical steam generator (4 MW) producing up to
1.4kg/ssaturated steam from 1 to 7 MPa. Three different test rigs are implemented into
the facility. The first is the pressure tank with an inner diameter ahZafad a usable
length of 6 m. It can be operated at 5 MPa. Inside this tank, different test sections can be
implemented. Due to pressure equilibrium between tank and test section, thin materials
and even glass windows can be used to observe flow struclimeseond rig is the

test section loop for twphase flows in vertical pipes (steam/water and air/water). Its
maximum pressure is 7 MPa. Different sensors like wire mesh sensorsray X
tomography can be added to the test sections. Finally, a tomographydapbest been
introduced to TOPFLOW. Here-Kay sources (150 kV, up to 500 mA) can be used to
determine e.glow structures inside pipeblZDR (2018.

At TOPFLOW separate effect tests have been performed within the frame of different
projects. Steam condensation and heat transfer experiments have been performed with
an inclined pipe system configuration, using the COSMEA test rig. The local flow
regime nside the tube has been determined based-@y Xomography, whereby flow

maps can be derived and linked to local heat transfer coefficients.

At the vertical rectangular channel test rig, innovativetdine heat exchangers have
been tested with different inclinations, geometries and surface temperatures. The
electrically heated tube was cooled by an air flow on the shell side of the tube. Both,
natural convection and forced convection has been investigated.
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4.2.3.Summary of test facilities

Selected test facilities (and related experimental progrenare considered ihable
4. 16 and in Table 4.17 (in both cases fAao,
the size of the tables):

1 Table 4.16 gummaryof test facilities): a cross link is provided between the
selected facilities, the operator (or the ownetheffacility), the major scaling
characteristics, the designed passive systems and the prototype reactor (given in
each of the three parts fAao, fibo and Aco

I Table 4.17 (summary of experimental programmes): a cross link is provided
between those selected facilities (same afable 4.16), the phenomena, the
prototype reactor and the concerned passive system (given in each of the three
partsfiad, fibd andfico of the table below).

Compared to the SET tests used for validation of LOCA simulation of TH system codes
where SET were devoted to the analysis of single phenomenon and aimed at developing,
adapting or verifying correlations, the SET described in this report (and consitiered
validatéthe performance of passive system) are rdibiagle componedtexperiments

aimed at evaluating the performance of separate components. Fundamental experiments
are neededo establish more accurate correlations, for example for friction ymess
losses in twephase flows, and for heat transfer under low velocity-pivase flow
conditions. Therefore, for passive systems it sébare may be benefit frodevelopng
athreestepexperimental support with single effect tests, component or coupled effect
tests and then integral effect tests. In this connection, the natural circulation experiments
performed by available ITF, e.NEA (20173), should be considered, too.

Table 4.16. Summary of test facilities, part 1 of 3

Facility Type Facility

Operator Scaling Characteristics Passive system Plant
Name
- 1/3 Height, Length - Core makeup tanks
-1/5.6 Diameter - Accumulators
ACME SPICRI -1/94Volume - A passive residual heat removal heat CAP1400
-1/1.732Time, Velocity exchanger
-1/54.32 Power, Flow rate - Two 4-stage ADS systems

- 1/2 Height, Length

-1/12 Diameter
- Passive auxiliary feedwater system
ATLAS KAERI -1/288 Volume o APR1400
) - Hybrid Safety Injection Tank
-1/1.414 Time, Velocity

-1/203.6 Power, Flow rate

- Core makeup tanks
- 14 length scale - Accumulators

Oregon State University &

APEX (0sU) -1:2 time scale - A passive residual heat removal heat APGD0O
m -1:192 volume scale exchanger
- A d-stage ADS system
- 1:1 length scale
-1:1time scale - Passive residual heat removal system
FESTA KAERI . . SMART
- 1:7 diameter scale - Passive safety injection system
- 1:49 volume scale

- Containment Cooling Condenser
- Passive Core Flooding System
-1:1length scale - Emergency Condenser

INKA FRAMATOME KERENA
- 1:24 volume scale of the containment | - Passive Pressure Pulse Transmitter

- Automatic depressurization into floeding pool

- Overflow Pipes

Center for Advanced - 1:1 length scale
IST Engineering and Research | -volume and mass flow rates are - Passive residual heat remaoval system SMR
(CAER) scaled with power

Source: Excerpt fromlEA (2017).
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Table 4.17. Summary of test facilities, part 2 of 3

. -1:3 length scale - high-pressure containment vessel (HPC)
05U- Oregon State University 1:254.7 vol | latingth " ‘it d SR
MASLWR (0sU) - 1:254.7 volume scale simulating the containment interior and a
- 1:1time scale cooling pool vessel (CPV)
. ) -1:1 elevations -Accumulator VVER-440
PACTEL LUT University
-1:305 volumes -CMT tank (on request) (flexible)
PWR PACTEL LUT University Ll 1:1.6 elevations ~Aceumulator General/EPR
-1:400. 1:562 volumes -CMT tank (on request)
MOTEL . } . ;
LUT University -varies Reactor system SMR/Flexible
(SMR)
- Drywell
1:4 length scale (1:4.5 i Wetwell
) gt 1:4.5) - Gravity Driven Cooling System (GDCS) SBWR
PUMA Purdue University (PU) -1:2time scale (1:2.12) .
- Simplified ADS System (SRV & DPV) (ESBWR)
- 1:400 volume scale (1:580)
- PCCS (3 units)
- ICS (3 units)
- Core make-up tanks
ROSA - L:1length scale - Accumulator
JAERI APGOD
-APB00 -1:30.5 volume scale - Passive residual heat removal exchanger
- 4-stage ADS system
- Core make-up tanks
. - In-Containment Refueling Water Storage Tank
- 1:1 height
SPES-2 SIET - Accumulator APGOD
-1:395 volume scale )
- Passive residual heat removal exchanger
- 4-stage ADS system
-1:2.77 length scale
-1:472.9 area scale
VISTA-ITL KAERI -1/1310 volume scale - Passive residual heat removal system SMART
- 1:1.664 time scale
-1:2.77 pressure drop
Source: Excerpt fromlEA (2017a)
Table 4.18. Summary of testfacilities, part 3 of 3
CLASSIC KAERI - 1:1 length scale - Passive containment cooling system I-POWER
-1.5 MW, 19.2 m RPV - Drywell, Wet-well
PANDA PSI -1MPa, 200°C - Isolation condensers ESBWR
- Six cylindrical vessel, 460 m? -Passive containment coolers
-1:1 length scale . i i
PASCAL KAERI - Passive containment cooling system APR+
- 1:240 volume scale
PASI| LUT University -1:2 elevations - Passive containment cooling system AES-2006
SET -vessel (V=43 m®, H=13m)
- heat exchanger pool (V =29 m®, H
PERSEQ SIET =5.7m) -
-overallpool (V=173m° H=5.8
m)
- Natural circulation system BWR
SIRIUS-3D CRIEPI - 1:1fuel bundle seale
- Accumulator PWR
TOPFLOW HZDR KERENA

Source: Excerpt fromlEA (2017).
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Table 4.19. Summary of experimentalprogrammes part 1 of 3

Reactor Related
Type Passive Safety Systems Related Phenomena experimental Kind
System
KERENA BWR Behaviour of containment | INKA SET,
emergency systems IET
Behaviour in large water pools INKA SET,
Containment Cooling IET
Condenser Effects of non-condensable gases | INKA SET,
in condensation heat transfer IET
Condensation on containment | INKA SET,
structures IET
Passive Core Flooding | Behaviour of containment | INKA SET,
System emergency systems IET
INKA, SET,
Behaviour of heat exchangers IET
and isolation condensers
TOPFLOW SET
Emergency Condenser INKA SET,
Natural circulation !
IET
Behaviour in large pool of liquid INKA IS;_T'
Karlstein SET
Natural circulation
Passive Pressure Pulse INKA IET
Transmitter Karlstein SET
Liquid temperature stratification
INKA IET
GAP (part of SET
Behaviour in large pools of liquid INKA)
Automatic INKA IET
depressurization into
flooding pool GAP (part of SET
Steam liquid interaction INKA)
INKA IET
GAP (part of SET
Behaviour in large pools of liquid INKA)
INKA IET
Overflow Pipes
GAP (part of SET
Steam liquid interaction INKA)
INKA IET

Source: Excerpt frolEA(20173).
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Table 4.20. Summary of experimental programmes part 2 of 3

APR1400 PWR Behaviour of containment ATLAS IET
emergency systems
Behaviour in large water pools ATLAS IET
Hybrid Safety Injection
Tank Fﬁects of no-n—condensable gases | o ag IET
in condensation heat transfer
Cond ti tai t IET
ondensation on  containment | o
structures
APR+ PWR . . PASCAL, ATLAS | SET,
Natural circulation
IET
Passive Auxiliary | Condensation in a horizontal Heat | PASCAL, ATLAS | SET,
Feedwater System Exchanger IET
Heat Transfer Behaviour in large | PASCAL, ATLAS | SET,
water pools IET
SMART PWR . . Natural circulation FESTA, VISTA- | IET
Passive residual heat L
removal system Behaviour of heat exchangers
Behaviour in large water pools
Natural circulation FESTA SET,
i injecti IET
Passive safety injection Condensation inside tanks
system
Thermal stratification inside tanks
APB00 PWR Thermal stratification APEX, ROSA- SET,
Core make-up tanks Condensate mixing with cold AP600, SPES-2 | IET
water
Accumulator Natural circulation APEX, ROSA- SET,
AP600, SPES-2 IET
Passive residual heat | Natural circulation APEX, ROSA- SET,
removal exchanger Condensation heat transfer AP600, SPES-2 | IET
Steam liquid interaction APEX, ROSA- SET,
4-stage ADS system Critical flow APGOD, SPES-2 ET
- BWR SIRIUS-3D SET
Se_condary passive  decay heat cural circulati
side of a removal system natural circulation
generic PWR
type reactor
Source: Excerpt fromEA (2017).
Table 4.21. Summary of experimental programmes part 3 of 3
CAP1400 PWR Thermal stratification ACME IET
Core make-up tanks . .
Condensate mixing with cold water
Accumulator Natural circulation ACME IET
Passive residual heat | Natural circulation ACME IET
removal exchanger Condensation heat transfer
Steam liquid interaction ACME IET
4-stage ADS systems N
Critical flow
SMR IST, OSU- SET,
MASLWR IET
i-Power PWR Natural circulation Condensation | CLASSIC SET
Passive Containment | naat transfer
Cooling System
Flow instability CLASSIC SET

Source: Excerpt froNEA (2017).
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4.3. The PERSEObenchmark

Summary information abouthe PERSEO benchmark activity is provided in the
Addendum. Use dfenchmark information for relbility assessment is given ir@&ion

3.2.5. The full discussion of thenchmark activity is provided in Volume 2 (Addendum

to the present report). The following key findings from the benchmark are noteworthy
for the current final report:

1. Although thebenchmark is othefio p e n 0 teypprimentali resats were
provided to participants (code users) before completing their analyses,
difficulties were encountered in the simulation of the concerned experiment (Test
7, Part 1 and Part 2):

1 Most ofthe code users needed modifications of the condensation model(s)
implemented in the origindtozen code version.

1 A plausiblereasonfor the above was the fuligevelopedflow-condition:
typically, in large size facilities the occurring nbully -developeeflow-
condition (together with the unavoidable specific 3D effects) challenges the
correlations or the code models which are (necigsaleveloped (and
qualified as far as possible) under the fidigvelopeeflow-condition
assumption or situation.

1 The pressure control of the main vessel, the adopted valves characteristics
and the performance/role of special devices like the connection component
between two pools, caused simulation burden and added uncertainty or in
accuracy in the predictions.

2. ltis confirmed, see e.@ 6 A uandGalass(2010, that largescaleexperiments
(and set of measured data) allow the solution of important issues which
unavoidably affect the qualityf smallscale experiments, e.gonnected with
the heat losses and the measurement of pressure drops; however, other issues
appear which challenge the thershgdraulic code validation process, like, in
this case, the pressure control of the main vessel and the physical interaction
(including temperature, thermal power and turbulence parameters) of the facility
with the inrcoming steam flow.

3. Experiments are needed to investigate phenomena covering any relevant (to
nuclear react@ parameter range to ensure proper validation of models and
adopted numerical codes in the nuclear theimydraulics area. This is
specifically true for advanced reactors eventually adopting passive systems:
predictions by numerical codes may rewbemselves to begnreliable when new
components are added or parameter ranges fall in physical areas far away the
areas investigated ftlieexisting generation of reactwre.glow fluid velocities,
low driving forces, interactions of components.
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5, Consi defoasafietngde s iofgpa s ssy s ¢ e ms

A passive system desigideperspective is considered hereaftera resujtdescriptios
or concepts already introducedrlierin this reportmay be provided agaimlthough an
attempt has been made to minienigpetitions.

5.1.Background considerations for industrial applications

Passive safety features hdeenwidely used for nuclear power plants sinieeit initial
developmentlAEA (200%), and IAEA Q013. The reactor shdbwn system of typical
pressuried water reactorsctuated by gravitys just one example dfie passive safety
featuresthat areused traditionally. The accumulatavhich provides cooling water to

the reactor in case of legg-coolantaccidentsis also a passive safety system used from
the early stage of nuclear power plants. In addition, hydrogen recombiners have the
function of decreamg the concentration of hydrogen in comtaient without any
external action. The operation ofele passive systemmade it possible taain
experience in operation as well as regulation.

Interestin passive systemin nuclear technologyin the scientific and industrial
community, includinghuclear power plardesigners, increased the aftermath othe
Chernobyl accident in 198@he ideacan be summarsl roughly as follows: passive
systems can compensate erroneous or inadvertent detrimental (deliberate or less)
operator actions anitigate their consequences

Since well before the Fukushinidaiichi accident in 2011, IAEA20149, passive
cooling systemsvere designed in nuclear power plant to remove decay heat after reactor
shutdown A key motivationhas beerthat passive cooling systernan perform their
assigned function even in caseadbss of active electric poweHowever,at the time

the report was developégerewaslimited experience in operation and regulation of the
newly designed passive system designs for decay heat removalsydierauggesticn
proposed in this chapter are mostly addressed to the new concept of passive cooling
systems designed to remove decay heat frmmeactor core by natural circulation (and

not to individual passive components like heat exchangera pool, nor to
ficonventionad passive safety systems like accumulators).

5.1.1.Single failure criterion

In case ofa lack of backip systems Whetheractive or passive), the single failure
criterion is the basic safety concept that all the safety systems of nuclearplamts

have to meet, see eldEA (1991, and IAEA 0163. The best way to me#tesingle

failure criterion is to make safety systems redundant. The criterion, however, is usually
applied to active safety features duehe possibility of active component failure. On

the contrary, passive components and systems are not strictly required to meet the
criterion because of the (presumed) low possibility of failure of those components. The
requirement 25 (Single Failure CriteriofBFJ) of the IAEA Specific Sadty
Requirement document, IAEA2016), ( SSR 2/ 1 Yesign tstalt take due h a t
account of the failure of a passive component, unless it has been justified in the single
failure analysis with a high level of confidence that a failure of that component is very
unlikely and that its function would remain unaffected by the postulatéatimg evenid

New desigs of nuclear power plan@re applying multtrains of active systems up to 4
X 100% trains taking into account one train of failure and one of maintenance to
strengthenthe safety of theplants. Considering that passive cooling systems are
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generally designed without active baplsystems, it is suggested that any passive safety
system withthe function of decay heat removal should be designed with sufficient
redundancy to withstand credible single failures (@ gassive components).

5.1.2.Capability of passive actuation and operability

In order to ensure passive actuation and continuous operation of passive cooling systems,
the following items should be considered fitve design of the systems, seg.&INS

(2012; KINS (2013; KINS (2017, and WENRA 2018), in addition to previously

cited IAEATreports.

a) Features of passive systems actuation

Passive cooling systems should have enough water head given by elevation
difference between inlet and outlet of coolant (or heat source and heat sink).
Decay heat transferred tbe coolant is cooled by water insidbe passive
cooling tank; in other wordshe water tank (or heat sink) is the ultimate heat
sink. Thereby,the passive cooling tank should be large enough to contain
sufficient water available to accomplish its safety functions for the planned time
frame. If any active component or system isrgected to the passive systems

to support actuation or operation of passive systems, the operability of active
component or system should be also verifieel demonstrating no detrimental
impact upon the passive system performance). Once a passive system is
actuated, tare should be no possibility back flow or flow reversal.

b) Verification offirst-of-a-kind design

The alequacy ofthe design ofa first-of akind design for passive cooling
systens should be verified usingnexperimenal facility.

c) Water hammer

The operation of passive cooling systems connected to the secondary side of
steam generators is initiated by closing bib#hmain steam line andhe main

feed water line of SG. The flow into the system usually starts with opening of
(passive) valveswhich are operated by passive (Pd8) power sub as DC
battery or prepressuried nitrogen gas. Those passive valves are generally
located at the level dhemain feed water linavhich is about 1@n lower than

the main heatxchanger (part of the passive systamjng gravity as operating
power. During normal operation tife plant, the abouten-mete vertical pipes

of passive cooling system are filled with steam from the main steam line up to
the upper side of heat exchanger, and with liquid from the lower stte ledat
exchanger up to the passive cooling valves. Owingggetbonditionsthequick
opening of passive cooling valves may cause water hammer,
e.g.condensatiofinduced water hammer, or CIWH condition, warhigher
probability than in an equivalent active system. This is why passive cooling
systems should be designed carefdyoiding the possibility of water hammer
occurrences. lgeneral at the design levelyater hammers must la&oided or
limitedin amplitude

d) Flow instability.

A pressurisd water reactor (PWR) which incorporates a passive cooling system
implies the operation of a closed natural circulation Joeipich is aligned to

feed condensed water to the corresponding steam generator. During the
operation, saturated steam in the SG secondary side moves up due to buoyancy
force and passes through a steam line, and then flows into-&ypéeassive
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condensation heat exchangehere steam is condensed inside the tubes and the
tube® outer surfaces are cooled by the pool water. The condensate water is
passively fed into the bottom of the SG secondary side by gravity. Such a type
of natural circulation loop, where boiling and condensation take place, is
susceptible to twehase flow istability, which may challenge the cooling
capability; preventinguchinstabilities constitutes a design problem.

5.1.3.Coolant makelip system

A passive cooling system is connected to the primary system directly or to the sgconda
side ofthe steam generatoFigure5.1 showsa secondary sideonnected design using
asteam generator for heat transfer fritrareactor to the cooling system. To initiate the
secondary sideonnected cooling system, bdtie main steam isolation valve (MSIV)

and main feed water isolation valve (MFIV) should be closed. The secondary side
connected cooling system is a closed lawlpere coolant goes througlhe steam
generatorand passive heat exchanger until the system is cooled down to a required
temperature.

During operation ofhe cooling system, unexpected pressure incieafkthe secondary
side ofthesteam generator may optremain steam safety valve (MSSWhich cause
lossof-coolant of the closed cooling system. For this reason, it is proposeth¢hat
coolant makap system be designed for the secondary-simtnected passive cooling
system to ensure sufficient cooling inventory.

Figure 5.1. Passive cooling system connected to the secondary
side of steam generator

I

MSSV l,>

MSIV

Passive cooling tank

A raae

MFIV

SourceCourtesy of Francesco DO6Auri a.

5.1.4.Ultimate heat sink for passive cooling systems

The ultimate heat sink (UHS) of nuclear power plants is a water supply system credited
with functioning as a heat sink to absorb reactor residual heat and essential station heat
loads after a normal reactor shutdown or a shutdown following an accident. Sea water
or acooling toweraregenerally used as UHS in traditional nuclear power pl&aise
desigrs of passive cooling systeraseindependent systesthathaveanisolated passive
cooling tank as UHSas showrin Figure 5.1.

The passive cooling tank is designed to be installed at an elevated location to use gravity
Also, the cooling tank is open to the atmosphere since cooling water is evaporated during
decay heat removal throughheat exchanger submerged in the water. Taking into
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account the characteristics of the UHS of passive cooling systamd$ollowing
recommendatios and suggestions are proposed:

a) The ptential for water freezing inside the heat exchaagdrlower pipe should
be analysd.

b) A radiation monitoring system should be installethimpassive tank in case of
leakage fronthe heat exchanger.

c) The @ening ofthe passive tank could be closed in case of high activity inside
the tank.

d) The mssive tank should be refilled in case of kiegn cooling operation.

e) The mssive tank should be designed as seismic categmgel e.glAEA
(2011).

f) The mssive tank stuld be designed to miningghe risk from external hazard
such as flooding

5.1.5.1solation of passive cooling systems

Passive cooling systems are generally designed as closed independentof
perturbations to NC flow coming from other systems. Obviously thermal isolation of the
system is not always possible and thermal power induced perturtaticmoming from

a coupled systencannot be avoided.

A leakage froma pressurisd passive cooling system during its operation unavoidably
causes lossf-coolant inventory. A damaged train apassive cooling system can be
isolated frontheloops of themain system and intact train functions ufuibps reactor

is cooled down t@ predeterminedemperature.

5.1.6.Test, inspection and maintenance

Test inspection and maintenance strategies for passive cooling systesirsikaeto

those ofactive systemsHowever, some passive cooling systems, especially in small
modular reactors, are designed as integrated with reactor vessel: this may not alow test
and inspection at the construction site, as in other currently operated reactors. For those
design, test and inspection progrags should be carefully arranged in advance.
Maintenance of the systems should be considered, tathénwords, the degin of the
reactor with passive systems needs to facilitate the meaningful functional testing of the
PSS.

5.2.Suggestions for safety and operation

5.2.1.Introductory remarks

This section aims at identifying (new) challenges and issues brought by passive safety
systems in the plant operation for both normal and accident conditiansely, the
potential concerns are new accident initiators owing to passive systems ibystand
conditions. Suggestions are proposed to support the demonstration of acceptable safety
levels with respect to safetstandardse.g.IAEA (2016.

The general safety approach for light water reactors has been devel@patbre than
50yearsbhased on system architectsisgith mainly active safety systemsulting in
some desigrrequirementsdedicated to these systems, typically the single failure
criterion with the objectivef enhaning the overall system reliability to perform the
expected safety function when a part of the system is affected by a single failure.
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As recalled g the WENRA RHWGreport, WENRA 2018), the safety expectations
for passive and active systems are similar and thr@approaches to implement them
may differ,soseveral attributes of passive systems are worth coirgider

Firstly, the application of the concept of defeiin-depth (DiD) is to be considered
according to WENRA RHWG report, WENRA, 20Ihe primary means of preventing
accidents in a nuclear power plant and mitigating the consequences of accidents is the
application of the concept of defamin-depth (DiD). This concept should be applied to

all safetyrelated activities, whether organisatiorta&haviouralor desigrrelated, and
whether in full power, low power or various shutdown states. This is to ensuedl that
safety related activities are subject to independent layers of provisions, so that if a failure
were to occur, it would be compensated for or corrected by appropriate mea&higes.
topic is discussed in Section 5.2.2 with consideration of passive systems, in particular

Nithe effectiveness of t he i nceepepthdrence bet we
particular through diversity provisions (in addition to the strengthening of each of these
|l evel s separatelyé), to praowveradleinfareeménr as r ea

of deferce-in-deptlo .

Secondly, both probabilistic and deterministic safety approaches must be considered
because open questions are different as explained in defaittions 5.2.3 and 5.2.4.

The probabilistic targets which are defined for most of the BEKeactors are the
following ones, sealso IAEA 2015, and EURATOM 2014:

f  10°(r-y) for core meltfrequencyfor all events (internal and external events).
This is in line with INSAG12 recommendations, IAEA, 1999, which state that
the CDF target for new reactors should be reduced by a factor of at least ten
compared to the target for existing ones [of {i8y) as estimated by INSAG],

all plant states and all types of initiating events being taken into account.

IAEA (20168.

In relation to PSA studies for existing and innovative nuclear reatamd related
desigrs), the general practicat the time the report was developidto consider only
component failure probabilities when addressing the reliability of passive systems (either
in deterministic or probabilistic studies), disregarding the (TH) physical phenomena on
which the system is based such as the natural circuldtiwn, the functional failure is

not taken into account. A functional failure can happen if the bayndonditions
deviate from the specified values on which the performance of the system depends. The
key issues to be addressed are thus how to quantify the functional failure in the passive
system reliability and how to integrate passive system reliabilih PSA study.

According to IAEA SSR2/1, (i.4AEA (2016), the deterministic safety analyses for
designbasis conditions (DBC) shall be conducted with the followiaguirements
which have a particular resonance while relying on passive safety systems:

1 5.26The desigthasisaccidentsshall be analysed in a conservative manner. This
approach involves postulating certain failures in safety systems, specifying
design criteria and using conservative assumptions, models and input
parameters in the analysis.

1 5.73The safetyanalysisshall provide assurance that uncertainties have been
given adequate consideration in the design of the plant and in particular that
adequate margins are available to avoid etiffge effects and early radioactive
releases or large radioactive releases.
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According to AEA SSR2/1(i.e. IAEA (2016), the main objective of design extension
conditions (DEGA) is to enhance the plant capabilities to withstand, without
unacceptable radiological consequences, accidents that are either more severe than
designbasis conditions (DBC) or that involve additional failures. For passive safety
systems, CCF is a key issue in particular whea #ame physical phenomena
(e.g.natural circulation) is used in different levels of DID; in other terms, NC failure
may cause the collapse of different DiE¥éls

Systems not relying only on purely static componentsrecegnsed (see also this
report)category B ones, i.systems with working fluids. In the case of categories C and

D, the (structural) reliability analysis can be carried out with the application of the
principles of the probabilistic structural mechanics: related operating experience data are
available anda&n be used for theeliability analysis, BurgazzRQ12. However, there is

yet no agreed approach as far as passive systems belonging ¢toycBtage concerned.

In fact, small changes in parameter rarigaslto changes in phenomena at the basis of
the working conditions for the category B passive systems: those changes of expected
conditions can impair the performance of the concerned systems. Therefore, all
phenomena shall be considered carefullpodellingof systems: missing one important
parameter majeopardse the entire passive system related safety analysis.

As a general point of view, the passive safety systems point out major advantages
because of no or less dependencies from active support systems (power supply, cooling
chain, HVAC) and no operator actions whereas the demonstration of their reliability and
their capacity to perform the expected functions in the safety analyses could be more
difficult to provide.

On the one hand (as already mentioned), the advantages of the passive systems are shared
between most of the stakeholders (designers, operators, safety authorities): this is the
reason why since a few decadesyeral nuclear reactor designs have considered more
extensively the use of passive safety systems.

On the othehand,(also as already mentioned), new challenges and issues are still open
for the safety demonstration of category B passive safety systems (or combination of
categories B, C and D). In the following paragraphs, focus is made on this last point: it
is essendl to support the current interest towards the use of passive safety system
without ignoring the connected safety issues.

5.2.2.Deferce-in-depth

This section aims at defining the impact of the DiD concept on the design of the passive
systems in general, but also the influence on design concepts including passive and
active systems or their possible combinations.

The latest evolutions of tH2iD philosophy are provided by the WENRA report safety
of newnuclear power plardesigns, WENRA, 2013.

For international comparison it has to be noted that there is still an important difference

between WENRA requirements and IAEA requirements. According to WENRA, the

DiD |l evel 3.b (postulated mul t contloleof f ai |l ur e e
accident to limit radiological releases and prevent escalation to core melt comitions

whereas in IAEA SSR/1 (i.e.lAEA (2016), design extension conditions (multiple

failure events) ar e aartrslof acsidentniwith core inditéeo Di D | e v ¢
limit off-site releases .

In the DID approach, the different levels of deferare mainly defined as successive
steps in the protection against the escalation of accident situations.

STATUS REPORT ON RELIABILITY OF THERMAEHYDRAULIC PASSIVE SYSTEMS



202 | NEA/CSNI/R(2021)2

Within the WENRA approach, multiple failure events are treated as parttbirithievel

of DiD; however, a distinction is introduced between means and conditions compared to
single failure events.é. sublevels 3.a and 3.b). The task and the scope for the additional
safety features of level 3.b are to control postulated common cause failure events.

The main question to be treated is the independence between systems, structures and
components (SSC) important to safety, allocated to different levels of DiD so that failure
of one level of DiD does not impair the defenin-depth ensured by the other levels
involved in the protection of the overall system or in the mitigation of the event.

This means that the question has to be answered whether the same passive system can
be involved in the different levels of DID in particular in level 3.a (DBC) and level 3.b
(DEC-A): atypical example is the AR 000 containment heat removal system used in

level 3.a, 3.b and 4. Another question is whether the same physical phenomena can be
the basis of systems belonging to two different DID levels, considering that, potentially,
the same functional failure couldf@aft both systems even though they are recelent

in terms of mechanical components.

Independence between SSC meahesdequate application of:
91 diversity;
1 physical separation, structural difference, or geometric distance
1 functional isolation.

According to WENRA the adequacy of the achieved independence shall be justified by
an appropriate combination of deterministic and probabilistic safety analysis and
engineering judgment

Ideally passive safety systems could replace most of the functions performed by active
safety systems. Having in mind existing passive functions implemented in some
Generatiorlll designs, passive system alternatives to active systbmsdd be analysd
moredeepy.

According to the RHWG report on Regulatory Aspects of Pasdyatems, WENRA
(2018&), the safety assessment of any system, independent of its active or pakgige
should consider both the correct actuation and performance of the skstpingin
mind that passive systems are not immune to failures.

The wse of passive features contributes to system architecture simplification in several
complementary ways:

1 Introducing passive systems besides active systems constitutes an efficient and
implicitly obvious way to provide diversification between systems both at the
frontline level and support systems level. It also hélpproving easily that
different DiD levels are independent from each other.

1 To achieve similar levels of reliability, a safety function relying on passive
features might need less redundancy than one relying on active features. Then,
provided an adequate quality of design, passive systems may potentially reach
higher levels of refibility (i.e.compared with active systems performing the
same task) because they are based on:

reliable components such as tanks and pipes
basic natural physical phenomena and-stifed energy

no or limited reliance on support funati® (HVAC, AC power sources
e.g.EDG, and cooling chain with pumping function).
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1 The number of support systems related to a finafpassive system is generally
reduced. Nevertheless, appropriate attention must be paid to the provision of
mechanical components start the passive systems (e/glves), the design of
I&C, the reactor auxihry and support systems deelectrical power supply,
cooling systems) and other potential cross cutting systems. The design of these
systems shall be such as not to unduly compromise the independence of the SSC
they actuate, support or interact with.

The potential simplification introduced by passive systems may be limited by the need
to cansiderassingle failure (e.gpipe breakat least in the long term after the initiating
event occurrence, leakage, flow blockage trebccurrence of instabilities).

Furthermore, specific failure modesust be considered for passive safety systems.

Indeed, in passiveagety systems, often charactedsby low driving forces, specific

phenomena such as stratification and degradation of heat transfer coefficient due to non
condensable gases, instabilities., can leadtothesoa | | ed Afuncti onal f ai

Important questianfor the industrial application of passive systenatate tothe cost
reduction of overall system architectures when PSS are used; whether it is acéeptable
the same passive systamcover two (or more) levels of iD; and what D level
achieves the largestonomidienefit.

Systems of defam-in-depth levels 1 and 2 are essential for the assurance of the
undisturbed and flexible operation of the plant. This is usually ensured by active systems
that can quickly respond to operational requirementspergpormance of load follow in
normal operation, or prevention of excessive plant parameter deviations in anticipated
operational occurrences (AOO). Therefore, as a practical appthash active systems

used in DiD levels 1 and 2 which are cahtand limitation systems (i.eperational
systems) should be creditable in the safety demonstration associated to these levels,
according to their classification. An equivalent approach is used fet @J® design
(United Stateg and also in some other countries it is explicitly allowed to take credit of
them in the safety analysis of AOO, under established donsgit Examples are
Germany, BfS 2015, and Finland, STUKZ201%). In the IAEA Standards SS@,

IAEA (2019, the possibilityof following this approach is also mentioned.

Generally, SSC fulfilling safety functions used in case of postulated single initiating
events (DiD level 3.a) should be independemthe extent reasonably practicalffem
additional safety features used in case of postulated multiple failure events (DiD level
3.b). However, it is of main interest to aradywhether passive systems can be used for
the control of events in both DiD levels 3.a and 3.b, which also constitutes an issue for
the reliability of the systems. If it can be accepted to use tmtigned active systems
(i.e.control and limitation systems) for DiD levels 1 and 2, the passive systems could be
simplified and designed more robust and more reliable, also contributing to the cost
savings, see e.§fYyENRA (2018&), and WENRA 201&).

In this respect a logical consequence would be at first glance to provide passive systems
dedicated to post accident sequences in DIiD level 3. Regarding practical application of

passive systems in nuclear power plants some reactors already passdep systems

in DiD level 3.to a large extend. Examples are-AR00 or CAR1 400. All reactors

use, at |l east, a few fAclassical o systems |
Other reactor types use passive systems as aathctive systems in Dillevel 3.b.

Examples are the safety condensers in VVER!# Hualong design.

To decide on this point, deeper analysis based on functional and architecture
optimisation considerations has to be carried out. In this connection, a possible target for
safety analysis can be formulated as follows: For each postulated initiating event
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(starting with DID level 2), the necessary SSC should be identified and it shall be shown
in the safety analysis that the SSC credited in one level of DiD are adequately
independent of SSC credited in the other levels of DiD.

Complementary safety features specifically designed for fulfilling safety functions
required in postulated core melt accidents (DiD level 4) should be independent to the
extent reasonably practicable from the SSC involved with the other levels of DiD as
required by WENRA (issue also covered by IAEA). They could be passive or active or
a combinationmeaning preferably passive in the first phase of the severe accident up to
the controlled state and then active in the targn phase.

5.2.3.Probabilistic safety assessment

5.2.3.1 Introductory remarks

Passive systems have been and are being further developed for the design of advanced
nuclear power plants to cope with main safety and tassupport system functions,
supplementing or replacing active system desighis allows reducing the design cost

and aims at enhancing the operational safety of the reactors, astodilrther reduce

the frequency of accidenigth unacceptable consequences.

The benefit of passive safety systems is provided by simplicity regarding the number of
components and by the higher grade of independence on external power sources and
active cooling chain, depending on the grade of passiy#yg.according to the
definitions taken from IAEA, 200f). Therefore, passive features are credited with a
higher reliability with respect to active ones and constitute a simple means to improve
nuclear safety.

However, there is still a nonzero likelihoofithe occurrence of failures once a passive
system is actuated. Related to the assessment of the reliability of passive systems, the
small driving forces of the systems and the limited amount of operating experience of
the use and testing provide larger utai@ties compared tthe reliability assessment

and experience of active systems. In fact, for passive systems belonging to IAEA
category B which rely on natural forces (such as gravity, natural circulatiom)
classical concepts of reliability analysis are not applicable as for example for pumps,
fans, diesels, chillersr other devices used in active safety systems.

Due to this (see also IAEA201G) the safety demonstration of advanced reactor

concepts is more and more based on the combined application of deterministic and
probabilistic t ooilnsf ornmetdh ed el iingmesdituzifanaameiwa s k
the main benefits of the use of probabilistic safety assessment (PSA) are to provide risk

insights for design improvements; those benefits are also expected when performing

simplified PSA during early design stages. Therefore, péaticiocus on the

developmat of methodologies to evaluate the reliability of the passive systems has
already been made. Exampl es ar-ACpallengei ded i n 0
to Reliability Engineering and Licensing of Advanced Nuclear Power Plants,
Proceedings of anitner nat i onal Wor kshop hosdérgged by t he
At omi que ( CEA) 2Q02, Bnd RrAgre€sMin Iethodologies for the

Assessment of Passive Safety System Rdiidbildvanced ReactqriAEA (20141).

As the analysis of failure modes and failure probabilities of passive components and
structures becomes more and more important in advanced reactor designs, specific
methodologies for the assessment of passive safety system reliability need to be
considerd to demonstrate their improved safety. Conversely, any overestimation of
benefits with regard to the reliability by applying passive features shall be prevented, for
example by considering a passive device as infallible.
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Innovative passive systems for advanced reactors often consist of equipment with very
limited operating experience. Consequently, one needs to deal with a lack of reliability
figures and the resulting data uncertainties. As a consequences generic degticéthe

data assessment or data assessment by engineerirggngnidgnave been applied to
failure modes of passive equipment. This induces larger epistemic uncertainties of the
unavailability data for passive equipment compared to active equipment.

Even the application of unavailability data of existing similar equipment or of not exactly
the same technology and behawianduces a further spreading of the uncertainty range:
the consideration of these uncertainties is important for any probabilistic quantification
of passive system reliability.

Especially the reliability of the implemented passive features based on natural physical
phenomena (natural convection, conduction, gravity, etc.) in the function of the passive
process including lorgerm operation, upon which the passive system relies, needs to
be considered by estimating the physical pssdailure probability via e.goupling of
thermathydraulic codes with Monte Carlo (MC) simulation. Thereby the variability
associated with large number of parameters in random manner is considered to be best
represented by normal distribution.

5.2.3.2 Methodologgverview

Investigatiors into the methodologyor quantifying the reliability of passive systems
started in the late 199@gth a methodology known agliability evaluation of passive

safety system@REPAS, whichwas developed eoperativelyby ENEA, the University

of Pisa, the Polytechnic of Milan and the Univetsy o f R o el Galagsd Aur i a
(2000, and was later incorporated in the European U(i) reliability methods for
passive system§RMPS) project. In that manner methodology approaches for the
assessm# of the reliability of passive systems are available and published. The report
Progress in Methodologies for the Assessment of Passive Safety System tiR@fiabili
Advanced ReactorslAEA (20140, provides the outcome of different tasks and
discussions performed and sumraasithe information provided by the technical experts

on development of advanced methodologies for the assessment of passive system
reliability in advanced reactors (APSRA), as part of the IAEA's overall effort to foster
international ollaborations that strive to improve the economics and safety of future
nuclear power plants, Nayak et &008.

A practical approach for consideration of the reliability of a passive system is to
distinguish between the following two main aspects:

1) systan / component reliability (e.galves, piping)and
2) physical phenomena reliability.

Aspect (1) can be seda bein line with the typical approach to motliegj system
functions in a classical PSA for active system desigainly by fault tree modéng.

The relevant components and their failure modes to be finalyelledin the PSA are
identified, e.g.by means of a failure mode and effect analysis (FMEA) and/or hazard
and operability analysigHAZOP). FMEAMHAZOP provide weHstructured and
commonly used qualitative tools for a systematic identification and search of potential
component failure modes.

The FMEA approach is conducted at the component level where each failure mode in a

system is investigated in terms of failure causes, preventive actions on causes,

consequences on the system and corrective/preventive actions to mitigate the effects on
thesystem.
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The HAZOP procedure considers any parameters characteristic of the system (among

which pressure, temperature, flow rate, heat exchanged through the heat exchanger,
opening of the drain valve) and by applying
deviation from the nominal conditions as for instance undesired decrease or increase,
determineghe consequences of operating conditions outside the design intentions.

The assessmentf ofailure data for aspect (1), gsive equipment based on
systeméomponent reliability, can be based on available data assesswhesimilar
acting equipment or on expert jugtgentsfor failure probabilities of untypical failure
modes.

Foraspect (2), physical phenomena reliability can be seen in line with existindjimpde
of physical phenomena like in the Level 28 3vhich is based on phenomeplaysical
process failure probability assessment by thetmydiaulic codes coupled with Monte
Carlo (MC) simulation.

5.2.3.3 Passive system reliability analysis

Up to now a few methodologiesuch as reliability evaluation of passive safety system
(REPAS), reliability methods for passive safety functions (RMPS), and analysis of
passive systems reliability (APSRA)ave been developed. These methodologies have
been used to assedbe reliability of various passive safety systems. These
methodologies have certain features in common, but they differ in considering certain
issues; for example, treatment of model uncertainties and deviation of geometry and
process paraeters from their nominal values.

Critical issues pertaining to passive systems performance and reliability have been
i dent i f i & devidwspassiveaylstenorelidibility analyisesccomplishments and
unresolved issués, Nay 28149t al . (

1 Applicability of best estimate codes and model uncertainty: the best estimate
codes based phenomenological simulations of natural convection passive
systems could have significant amounts of uncertainties, particularly in
predictions of (a) natural circdlan flow instabilities and heat transfer; (b)
condensation in presence of roondensable gases; (c) critical heat flux under
oscillatory condition; and (d) thermal stratification in large pools. They must be
incorporated in the performance and reliapiéihalysis of such systems.

1 Treatment of dynamic failure characteristics of components of passive systems:
REPAS, RMP&ndAPSRA methodologies do not consider dynamic failures of
components, which may have strong influence on the failure of passive systems.
Integration of dynamic reliability analysis withH models i.e.considering the
probability of failures of components, is needed for the realistic evaluation of
passive systems reliability. In order to enhance capability of the present
methodologies to capture the interactionwssn process parameters and
dynamical evolution of the system state, it is thus required to use the dynamic
reliability methodologies like discrete DET (dynamic event trees) and advanced
Monte Carlo simulations.

1 Treatment of independent process parameter variations in passive system
reliability analysis: the parameters affecting passive system performance can be
classified into dependent and independent parameters. Dependent parameters are
the ones whose deviatismepend upon the output or state of certain hardware
or control units examples of such dependent parameters are pressure, sub
cooling, noncondensable gas. Many of the dependent parameters are not
independent to have their own deviations; rather they careelated or
interdependent (see repdurgazzi[2009). Independent parameters are the
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ones whose deviations do not depend upon certain components. Rather they have
their own patterns and deviations, which cannot be predicted easéyample
of sucha parameter is atmospheric temperature.

9 The use of the functional failure concept: the concept of functional failure,
defined as the probability of the passive system failing to achieve its safety
function as specified in terms of success criteria (safety variable not reaching the
expected value In the following, these methods are presented and satalin
this approach, the reliability of a passive system is seen from two main
perspectives as explainedSaction 5.2.3.2i.e..

1) system/component reliability (exglves, piping),
2) physical phenomena reliability.
RMPS

A comprehensive reliability methodology for passive safety functions (RM&Sheen

d e v e | aviethodolodyffor the reliability evaluation of a passive system and its
integration into a probabilistic safety assessinient al r eady menti oned
Marques et al[2003). The most important parameters affecting the passive system
performance are identified using analytical hierarchy processes and sensitivity analyses
and consist of:

9 definition of theaccidentscenario in which the passive system is expected to
operate

9 charactesation of the system to obtain information on the behanvaba passive
system in an accident scenario and to identify the failure zones and conditions

system modHing;

sources of uncertainty are identified by the identification of the potentially
important contributors to uncertainty

9 identification of the relevant parameters, which affect the system goal
accomplishment

selection of distributions for the input parameters

gualitative and quantitative sensitivity analyses are proposed to evaluate the
sensitivity of reliability driving output variables (pressure, removed power, etc.)
with respect to input uncertain parameters. For the reliability evaluation Monte
Carlo simulaibn with or without variance reduction techniques is performed

1 finally, the passive system reliability is integrated into a PSA process, which is
normally developed using FT/ET techniques allowing the identification of all
accident sequences deriving from an initiating event. Even though dynamic
aspects of the transient pregsion including dynamic system interactions are
not represented, event tree representation seems to be a good and simple
representation for the assessment of accident sequences.

APSRA

Unlike RMPS, the APSRA methodolog\Nayak et al. Z008, assumes that the
deviations of input parameters on which passive system performance depends, occur
only because of malfunction or failure of mechanical components. In APSRA
methodology, first a failure surface is generated by considering the deviatahto$e

critical parameters which influence the system performance. These failure surfaces are
generated by evaluating the effect of these deviations on passive system performance
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using T/H codes. Then a recause analysis is performed to find the cause of these
deviations. Once the causes of these deviations are determined, the failure probabilities
of these causes are obtained from generic data values as well as from plaigrgberat
experience data. Finally, the failure probability of passive system is evaluated using
classical PSA techniques like fault tree analysis.

5.2.3.4 Use of the different methodologies for the different passive system
categories

Reliability analysis of category A passive systems:

Reliability analysis of category A passive systems can be carried out using structural
reliability methodologies with sufficient accuracy; sBargazzi 012.

Reliability analysis of category B and C passive systems:

A specific methodology réliability methods forpassive systems[RMPS, already
discussed) to assess the reliability of category B and C passive systems has been
developed.

The proposed methodology is also referenceérogress in Methodologies for the
Assessment of Passive Safety System Reliability in Advanced ReA&Are&20145.

Reliability analysis of category D passive systems:

Passive systems of categoryeBcompasgquipment with moving parts (e typically
restricted to 1&C and single acting valves relying on stored energy), moving working
fluids and actuation signals; available failure data of the individual components can be
used to assess the reliability for this category of passive systems. &¥bessing the
failures of thermahydraulic processes which depend on the specific conditions
expected during different accident sequences, the methodologies developed for
categores B and C systems may be applied.

The general expectation (which may revisg¢lf to beincorrect) is that the failure
probability of the thermdnydraulic process is negligible related to the failure probability

of mechanical equipment with moving parts and actuation signals. Hovleséatest

insights froma CEA analysis ofheRP2 systemt¢ avoid core damage by primary circuit
depressurisation and dedicated decay heat removal with immersed heat exchanger in a
cooling pool located inside the containn)gmovided a significant impacf the failure

of thermehydraulic processes with an estimated failure probability > 10% for a specific
accident situation. This implies the need to apply the reliability methods for passive
safety functions€.g.RMPS, seeSection 5.2.3.3) for category D passive systems, as
well.

5.2.3.5 Final remarks

Passive safety systerosuld potentiallypbe more reliable than the active safety systems
because of limited use of active components, absence, or limited need for human
intervention, avoidance of external support such as electrical supply, or complex cooling
chains.

In the pastthe focuswas placeon the development of methodologies to evaluate the
reliability of the passive systems. As the analysis of failure modes and failure
probabilities of passive components and structures becomes more important in advanced
reactor designs, specific methodolkegjifor the assessment of passive safety system
reliability need to be considered to demonstrate their improved safety. Among others, a
comprehensive methodology was developed called reliability method for passive safety
functions (RMPS).
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The introduction of passive systems in the design of nuclear reactors(attidstime
the report was developeflirther attention related to

1 limited experimentatata from integral and separate effect test facijities
1 lack of accepted definitions of failure modes that can be addressedB;

1 difficulty in moddling a certain physical behavio(this may imply further code
development)

1 lack or limited use of testing possibilities on plant.
5.2.4.Deterministic safety approach

5.2.4.1 Recall of deterministic safety approach principles

According to WENRA objective 02, WENRA2013, it has to be demonstrated that the
overall core damage frequency (CDF) is acceptably low: WENRA requires this
demonstration to be primarily deterministic. From a design point of view, it means that
the core damage frequency that can be associated tgesitHated initiating event

(PIE) should be made low enough thanks to deterministic analyses. The order of
magnitude of an indicative core melt frequency target for a given Ri@mnstimeset

to about 1E7 (r-y) in order to meet a target value of-bKr-y) for the overall core melt
frequency in the probabilistic safety assessment (level 1); however, these values are not
commonly agreed.

As the reliability of the safety systems credited in the DBC analysis is limited, such CDF
target cannot be reached for the most frequent PIE by just crediting the safety systems
of the main line. Therefore, the aim of design extension conditions catdbigC-A)

analysis is to prove that, for any PIE, core melt can be prevented even in complex
sequences where a complete failure of a safety system is assumed. Such demonstration
relies on the diverse line (diversified features from the main kiviggh isable to control

the safety functions when failure in safety systems is assumed. In such case, the
combined reliability of the main line and the diverse line allows the achievement of the
requested probabilistic target. A (slightly) different interpretatib the process above

can be described as follows: PIE in the DBA envelope are usually specified at
frequencies down to about &(r-y): then, one needs to expand the asialyo specific
sequences (e.guith multiple failures for certain PIE) in ordex tover DEC; this should

cover those fault sequences not claimed to be practically eliminated; irctises®one
needdiDEC provisions and there is no need for a (new, specific) PSA target here.

With such application of deterministic principles, there is a good confidence that the
PSA level 1 results will be satisfactory. Moreover, at the early stage of the reactor design,
the PSA level 1 may not be yet available; therefore, such applicationsaflasily
designing the main line and the diverse line systems. The principle is displdygdrm

5.2: this includes the consideration of a changing CDF once an event is started and its
possible consideration within a PSA study.
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Figure 5.2. Deterministic safety approach principles
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Moreover, there should beveell-definedreliability balance between the main line and
the diverse line. Basically, as an order of magnitude, the main line should cover four
decades and the diverse line two decades.

5.2.4.2 Desigtbasis conditions (DBC)

5.2.4.2.1 Recall of DB@equirements

Designbasis conditions aim at designing the safety systems which mitigate the
consequences of an initiating event by controlling the main reactor safety functions. For
this purpose, envelopes of incidents and accident scenarios are postulated based on single
initiating events that impact plant parameters leading to challenging safety functions.
The scenarios should be analysed with conservative methods and assumptions and shall
envelop the whole set of accidents belonging to the same family of events: the
availability of margins consistent with the technical acceptance criteria shall be
demonstrated.

The desigrbasis conditions are categail as the DBC 2 to DBC 4 according to the
estimated frequency of postulated initiating events, knowing that each DBC may include
a family-like set of events (for instance, all the events leading to the loss of steam
generator feed water). Note that, depegan the country, theequirementsor DBC 2

could be less penaing.

The safety analysis of DBC 2 to DBC 4 is performed with conservatiteria and
assumptions:

1 Acceptance criteria are defined consistently with the frequency of the PIE. The
higher the frequency is, theame stringent the criterion is.

The safe shutdown must be reached relying on classified safety systems.

Use of lower classified or neclassified safety systems is not allowedtlie
DBC analyses for mitigation.

1 Use of conservative boundary conditions to peadlie accident consequences:

penali$§ ng parameters (initial ¢onditions,
uncertainties on main physical phenomena
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the worst single failure is assumed to occur on challenged classified safety
systems
preventive maintenance applied dassified systems if relevant.

1 No operator action required in the first phase of the accident (30 minutes from
the main control room andne hour for local actions according to Epean
Utility Requirements, EUR2016.

9 Loss of offsite power (LOOP) postulated in DBCahd 4 starting from full
power, if conservative.

USNRC 10 CFR 50.46, revised in 1988 (and still applicable nowadays), etheest
demonstrabn of a high level of probability that the criteria would not be exceeded in
thesafety evaluation (e.g. USNRQ019).

Based on thenternational consensus in the safety evaluation of nuclear power plants, it

is appropriate to define the 95%&% confidence level of probability (CLOP) as ensuring

that the criteria would not be exceeded with a héytel of probability. The 95985%

CLOP refers to 95% of coverage values based on the response surface method with 95%
of confidence level.

5.2.4.2.2 Application of DB@equirements$o active safety systems

As the DBCrequirementsvere elaborated during the past 50 years with a background
of active safety systems, the application did not reveal any difficult point notably
concerning:

9 Identification of key parameters impacting the system performances. For
instance, the safety injection flow rate is to be considered between a minimum
and a maximum injection curve which can be easily justified by commissioning
and then by periodic tesfBhe injection curve is solely depending on the primary
pressure level which is easily accessible in the thehyddaulic calculations. In
the BEPU methods, a random pulling can be easily made between the minimum
and the maximum injection curve with a gammhfidence on the variation range
and the probability distribution law.

T The application of the fAworstod single fail
the active safety system may reveal easy. The impact is, in general, without
ambiguity on the consegnces (e.doss of one safety injection train); so that it
is achievablgo define the penalisg configuration.

i The impact of operator actidie.g.shut down of one operating pump) can be
easily predicted, so that the emergency operating procedures considered in the
safety analyses can be (more) easily defined.

1 Generally, there is no interaction between system performances. For instance,
shut down of one safetpjection train does not impair emergency feed water
train performances so that this is easy to define the gegationfiguration.

1 Combination of LOOP is simple to apply because the active safety systems
continue to operate with the same performances that the penairgg
configuration can be easily identified.

As a general conclusiotheapplication of DBCQrequirementgor active safety systems
relies on (relatively) simple principles and berefitom more than 50 years of
experience feedback.
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5.2.4.2.3 Application of DB@equirement$o passive safety systems

The passive systems considered in this chapter are those performing decay heat removal
from the primary or secondary side and containment heat removal, relying on natural
circulation.

As recalled irSection 5.2.4.2.1., the DBC analyses shall be conducted with conservative
methodologies and assumptions (note that the wimamhservativé may reveal
impractical in relation to the application of methodologies which deal with systems
which fiuse gravity generated for@gs

While relying from a safetgtandpointon passive safety systems, the main identified
difficulties in applying the DBCrequirementsre the following:

9 Identification of key parameters having an impact on the passive system
performance is not obvious because a lot of parameters can impair the passive
system operation relying on natural circulation. The main difficulty is coming
from various parameters witi do not belong to the passive system itself. For
instance, a small leak on a third system connected to the secondary side will
affect theSAfety COndenser (SACO) passive system for secondary side heat
removal function because of loss of steam generasderwnventory within a
time interval depending on the leak flow rate. While some parameters can be
easily identified by simple rationale, some other parameters will need thermal
hydraulic calculations to point out effects on the passive system perforgnance
In addition, the complexity is coming from combination of parameters with a
resulting effect which cannot be simply predicted.

9 Application of the worst single failure criterion could be not sufficient to ensure
enough reliability if the functional failure is the dominant failure to be
considered. In the current design with passive systems the single failure is
applied when considimg the system actuation devices (ergdundancy for
valve opening and or closing). By forgetting the functidaidre, it is implicitly
assumed that the passive system design will be satisfactory provided the system
actuation is compliant with the single failure.

1 Interactions with other systems (safety or 1safety) and operator actions must
be considered as potential impact on the passive system performance. For
instance, filling the steam generator by an operational system still in operation
will result in the bss of the SACO system by steam generator filling up (steam
cannot escape by the SACO steam line) which is not the case with the emergency
feed water system and steam relief trains even though steam generator overfilling
shall be avoided for other consid&ons (water hammers in the steam lines). The
consequence of such interactions will be to enlarge the conditions under which
the pasive system shall operate (eogperator actions like isolation of systems).
The multiple scenarios to be considered in the design can be complex and the
comprehensiveness of the scenarios can be challenged.

As a result, application of DB@equirementan be complex to ensure the CLOP
requirement as required RISNRC Q01%D).

The following suggestions are proposed faxilitate and consolidate the safety
demonstration:

1 Perform a PIRT analysis at an early stage of the design to identify and rank
dominant parameters influencing the passive system performances. The
comprehensiveness tife PIRT is a key factor of success
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91 Consider the functional failure as a failure mode. Up to now, there are existing
methodologies €.9.RMPS, EURATOM 2002, and APSRA, Nayak et al.
(2008) to take into account this failure in the PSA even though improvements
might be provided. The way to consider the functional failure in the deterministic
analysis shall be defined because the single failure crit¢8610), (e.g.as
applied solely on actuation part of the passive system) cannot be, by itself, a
sufficient proof of reliability; namely, sirtg failure is connected with the
triggering of the passive system operation and not to its transient operation.
There are different possibilities which have to be further investigated:

Define stringent boundary conditions which allow discarding the

functional failure as a single failure. This would result in defining a

functional domain which has to be fulfilled when the passive system

shall operate and achieve the required safety fomc®pecific design

provisions (isolation of systems, leak tightness of isolation devices,
passive system standby <conditions, I
limiting conditions of operation (LCO) during normal operations shall

be defined with potential e for additional specific periodic tests (PT).
Consider the functional failure as a
would result in the need to duplicate the passive system. This path

forward is not very attractive because of cost impact and the question

of the common cause failure addressed irSdwion 5.2.4.3. This topic

must be investigated considering PSA insights in order to have a

suitable view of the functional failure.

As a conclusion, the methodolodgr conducing DBC safety analyses with passive
systems must be deeply investigated to be fully compliant with the DBC objectives and
requirements recalled Bection 5.2.4.2.1, particularly in relation to the consideration of
the conservatism.

5.2.4.2.4 Additional questions relative to use of passive systems in DBC
analyses

These questions are not linked with the DBC approach and assoeigié@mentdut

with some characteristics of passive systems which involve some conceptual solutions
in the reactor design. In the normal process of the design, objectives are defined in terms
of safety and operational requirements, functions are then defined tahaesfety
objectives and the systems are designddlfib the functions. In the reactor design with
passive systemshe path forward is roughly the opposiféne startingpoints are the
physical phenomena on which the passive systems rely for their operation and the
objectives are derived from these characteristics of the passive systems. This status
report leads to the following consequences on some reactor designs teithiax use

of passive systems, typicalilye AP-1 000 reactor:

9 the safeshutdownstate at hot conditions
1 automatic opening of the primary side

9 challenge of thehird barrier to remove heat from the containment.
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Safe shutdown state at hot conditions

For most of reactors relying on active systems, the safe state is generally a cold state.
When relying on passive systems for decay rerabval by natural circulation between

the primary coolant and the heat sink, the passive system needs a difference of
temperature to ensure efficiency of the natural circulation. This results in keeping the
primary side at hot conditions. Even though il gafe state is not formally required, it
contributes to the limitation of radiological consequences and is required to conduct
long-term maintenance actions on systems, structures and components and to unload the
reactor core.

As a conclusion, this point is notlimiting point but shall be put in the balance of
advantages/drawbacks of passive systems.

Automatic opening of the primary side

In case ofa lossof-coolant accident (LOCA), safety injection in the letegm phase

shall be gravitydriven in order to meet the function fully passive. This is solely possible

if the RCS is totally depresseeid so that a large opening of the RCS is required in order
to keep within reasonable limits the height of a water column needed for injection (some
metes). In order to ensure overlapping of injection means, automatic opening is
necessary. This is the solution retained on thelARO reactor.

Voluntary opening of the second barrier in DBC is a major challenge (this is not an issue
in DEC-A, because this is already considered in the existing reactors in the feed and
bleed operation modehough not being a shotierm automatic actiothat protect
against spurious actuation). There are two main points to be addressed:

9 Aggravating thenitiator consisting in transforming a small LOCA to a large
LOCA,;

f Consequences on th& Barrier which will be challenged at the design level for
all the LOCA events independently of the break size.

Challenge of the"8barrier to remove heat from the containment

Containment heat removal laypassive system, whatever the adopted passive system
solution, needs to keep the containment atmosphere at hot conditions in order to ensure
sufficient efficiency of the passive system. This results in maintaining the containment
at pressure in the loAgrm phase of an accident (exg0.2 MPa).

In the current design of reactors with active systems, there is a requirement to decrease
the containment pressure below 0.2 M&decrease loads dhecontainment structure
(temperature profile buildp inside the containment wall induces a secondary stress in
addition to primary stress due to the containment pressure) and to decrease the
radiological releasesvhich are proportional to the containment pressure.

These drawbacks must be balanced with the advantages (no recirculation outside
containment of contaminated fluids) in terms of overall safety and cost impact on
containment design.

5.2.4.3 Desigrextension conditions categofy(DEGA)

5.2.4.3.1 Recall of DE€ requirements

As recalled inSection 5.2.4.1, DEE\ analyses are required when there is a need to
provide diversified means to perform the fundamental safety functions needed to prevent
core melt during complex sequences. Two types of complex sequences are considered
in the design:

1 Frequent DBC combined with a common cause failure (CCF) affecting a safety
system;
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1 A common cause failure affecting a safety system used in normal operation
(support systems).

Note that the combination of independent initiating eventsegimultaneous failure of
a system without plausible common cause is not considered in the design because the
associated frequencies are low enough to reject such sequences into the residual risk.

This diversity analysis consists in listing all the features credited in frequent DBC
(including those used in normal operation, if any) and either postulating a complete
failure of the feature by common cause or justifying that such common cause filure i
not plausible (for instance because of intrinsic diversity). Then it is sathlyhether
diverse means should be implemented for this feature; there are several possible cases:

1 within the frame of DEEA analysisrequirementsand criteria, the resulting
complex sequence remains acceptable regarding the core melt prevention
objective without additional means;

1 the existing DBC features not affected by the common cause failure are able to
compensate for the failungrovided theyare sufficiently diversified from the
feature that was postulated to fail, then no specific #5€ature is required;

1 a specific DECA feature diversified from the safety system that was postulated
to fail is required to meet the safety objective.

The adequate independence of the Pklihe has to be proved sequence by sequence,

in other words it means that the simultaneous and complete failure of all the components
contributing to the DBC control is not plausible and therefore the demonstration of
independence of the levelsadfenceconsists in proving that whatever plausible failure
combination is assumed in DBC line, there is still sufficient means available in both the
DBC and DECA lines to prevent core melie.DBC means are not impaired tye

failure combination credited in the DEL sequence, plus DE& means specifically
designed for DEEA mitigation).

The safety analysis of DE& is performed with the following assumptions:
Acceptance criteria are those defined for DBC 4 (decoupling assumptions).

The controlled state (final state of a DECsequence) must be reached but it
couldrely on less stringently classified systems relying on less classified safety
systems than for DBC analyses.

1 Best estimate approach can be used in the safety analyses except if a more
stringent approach is required according dountry regulation; e.gnore
stringent approaches may be used accordieguntry specific requirements. In
France, the DE@\ safety analyses shall consider pesiafj assumptions fahe
dominant parameters (egpnservative decay heat).

Single failure (criterion) is not applied.
Preventive maintenanceuirementis not applied.

No operator action required in the first phase of the accident (30 minutes from
the main control room andne hour for local actions according to European
Utility RequirementsgUR, 2016.

9 Lossof off-site power(LOOP) is not combined if not resulting from the event
and the considered common cause failure.
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5.2.4.3.2 Application of DE€ requirements$o active and passive systems

In principle, there is no difference between active and passive systeimsdpplication
of the DECA approach and the associateduirementsin particular:

9 There is no neefbr a diverse line if the reliability of the active or passive system
used in DBC safety analyses is sufficienireet the probabilistic targets.

1 Common cause failure shall be postulated on DBC mitigation means if relevant.

As a result, one key question to be addressed for-BE@fety analyses when passive
systems come into operation is the consideration of the functional failure as a potential
common cause failure. This question is dealt with irBdwions 5.2.2deferce-in-depth

[DID]) and 5.2.3 grobabilistic safety assessmgRISA]). Thus, the important point is

the consideration of a relevant number of BEConditions.

The consequences of tlienctional failure as a common cause failure can be very
important for the plant design with passive safety systems. For instance, in-1h@QaP
reactor design, the consideration of a common cause failure on the passive containment
heat removal system would require a diversified system (containment spray system for
instance or containment passive heat exchangers) which would result in majostiynd
modifications.

This question is thus the major question. As for the DBC analgsesgjgestion should
be made to discard the functional failure as a common mode by design provisions and
limited conditions of operation.

5.2.4.4 Desigrextension conditions categoBy(DEGB)

5.2.4.4.1 Recall of DE® requirements

Accordng to WENRA definition, WENRA 2013, for thefourth level of defete-in-

depth, core melt has to be postulated regardless of the effort made to prevent it in the
previous levels of defem (deterministic approach in opposition to the probabilistic
approach). The consequence is that dedicated-BHE€atures have to be designed in
order to limit the consequences of the accidenfualfitl the associated safety objectives.

The purpose of DE® analysis is to prove the appropriate design of EEEfgatures.

This design is based on the identification of the main physical challenges for the
containment integrity expected to occur during a core melt accident. A limited number
of sequences are defined in order to charaetedch of these challenges and the specific
DEC-B features are sized to cope with them.

As recalled irSection 52.2 (defewe-in -depth), only specific features dedicated to BEC
B are credited in DEMB analysis. Suclarule provides assurance of the independence
of thefourth level of defeme compared to the first levels.

Some features may be credited in DE@nd DECB analyses, provided that this does
not jeopardse the safety objectives and that implementation of different features is not
reasonably practicable. In practice, it means that, when alte@ture is used in DEC

A, it should be proved that the possible core melt sequence resulting from this DEC
sequace combined with the failure of the feature, that may lead to unacceptable
consequences, has a probability low enough to be includethentesidual risk.

5.2.4.4.2 Application of DEB requirementso active and passive systems

In principle, there is no difference between active and passive systeimsdpplication
of the DEGB approach and the associatequirements
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Due to the approach by physical phenomena from one side and the fact that passive
systems cannot be avoided because of consideration of total loss of safety systems
including power supplies on the other side, most @h&ationll reactors already rely

on passive systems for the shtetm phasgsuch as:

9 Hydrogen concentration control by passive autocatalytic recombiners (PAR).

9 Corium reflooding and cooling inside the core catcher fovessel retention
concept (EVR).

5.2.4.5 Internal and external hazards

Basically,the sameaequirementapply for bothactive and passive systems concerning
protection against internal and external hazards.

Some specific characteristics of passive safety systems can be already identified as
particular points to be addressed with respect to internal and exXtamaatls:

9 Induced risks:provisions to be considered for high eledhtpools in the
buildings (e.ginternal flooding and pools above the elevation of electrical and
I&C components).

1 Protection of containment penetrations at the top of the containment in case of
external hazards (aircraft crash).

9 Effects of environmental conditi@ on the passive systems (dgt and cold
weat her conditions, salt wet at mosphere
conditionso).

5.2.5.0peration requirements

5.2.5.1 Introductory remarks

The reportiPassive Safety Systems and Natural Circulation in Watere@dduclear

Power RPAEA(RAOMWOs,t at es that a designerdés first co
required safety function with sufficient reliability, and the designer must also consider

other aspects such as the impact on plant operation, design simplicity and costs. The use

of passive gstems can eliminate the costs associated with the installation, maintenance

and operation of active systems that require multiple pumps witepeddent and

redundant electric power supplies. However, considering the weak driving forces of

passive systems based on natural circulation, careful design and analysis methods must

be employed to ensure that the systems perform their intended functions.

Some operation requirements, especially testing and maintenance are also provided in
the RHWG report on Regulatory Aspts of Passive Systems, WENRZOL&).

According to it, a representative commissioning and periodic tests pnogrdaring

the operation phase may be unique compared to active systems as the representative test
conditions to qualify the system or for periodic testing will be different. An appropriate
commissioning and kservice test programeshould be defined and justified. The cases,

for which it is very difficult, or even impossible to check passive system operation during
commissioning or/and periodic tests have to be addressed. The lln fikielihood of

the passive systems needs to be demonstrated by a comprehensive analysis and needs to
be ensured by wverification of the components
availability of the necessary 1&C and the support systems nded#tkir actuation, if

any. In addition, if driving forces necessary to actuate a component in a passive system
are low, there may even be a need ed@pth analysis of traditional approach to failures
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of adopted components. For instance, the testability of a component that relies on stored
energy could be a challenge for the system integrity: eventually, the release of the stored
energy during the testing could cause therdeson of the component (e.g.squib

valve).

Although the performance of passive systems does not rely on operator actions, human
actions should be carefully considered when assessing passive systems.

Some specific issues to be considered when establishing the test and maintenance
progranmes are:

1 Asthe failure mode analysis could be different compared to active systems, some
phenomena that can be usually neglected could je@pattie safety function
(e.g.nonrcondensable gases, leakages, instabilities during operation such as flow
oscillations that may affect/impair the passive system performance or reliability
due, for instance, to excessive vibrations).

I Some passive systems may be more sensitive to environmental changes induced
by hazards and this potential sen#tiy should be evaluated, e.gnvironmental
conditions that change air temperature, moisture and particles concentration in
the air.

1 To demonstrateahe qualification over the whole plant life time, parameters
necessary to justify the operability should be followed during day to day
operation and integrated into thperational limits and conditio®LC). The
means for condition monitoring (including adequate instrumentation) should be
available and could be different from those for an active system.

9 It is necessary to consider that passive systems performance may show a
dynamic behavior. The operation of a passive system can change the boundary
conditions and thus influence the driving forces. Because of that, the conclusions
about the systemdés ability to perform,
duration of its mission nyabe more complex.

5.2.5.2 Examples
Secondary side/&ety COndenser (SACO)

A SACO is a passive system aiming at cooling the steam generator ibglation
condenser type of heat exchanger immersed in a pool.

The secondary side leak tightness is an important criterion for the SACO operation
because the heaarrying medium must remain in the SACO loop. In order to ensure
SACO operability a minimum SG level is necessary. In this regard, a permissible integral
secondary side leak rate at SACO actuation has to be defined as a function of SG
inventory/level and SACO mission time. Consideration of specific periodic tests or/and
design requirements may be necessary to ensure that maximal permissible leak rate is
not overpassed; this shall be specified in relation to each isolation device involved in the
secondary side leak tightness, which goes far beyond the SACO system boundary.

In the course of plant stamp or shutdown periodical tests of the SACO should be
performed to verify the required SACO heat transfer capacity. At reduced main steam
pressure, the SACO condensate or steam flow has to be measured together with MS
pressure and the condensate temperature so thabal gleat balance for the SACO
system can be performed. Providing that an additional isolation valve upstream of the
SACO actuation valve is installed, the same SACO actuation valve can be tested
periodically duing normal plant operation without drainage of SACO inventory into the
SG.
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New periodic tests are needed particularly to verify the effective and controlled cool
down capacity, also over the lifetime. The human factor impact is heavy due to the deep
modifications of accidental strategies. New training about knowledge and auirttrel

new physichphenomenon or accidents (e3f5TR) in stake will be needed.

Core makap tank (CMT)

The CMT inlet valve is normally open and hence the CMT is normally at primary system
pressure. The CMT outlet valve is normally closed, preventing natural circulation during

nor mal operation. The dead volume of #nAcol do
is connected with opened valves might interfere with singhel twephase transients
(ther mal stratification, pressure control é).

water in CMT presents the risk, in case of leaks of valves, of slow boration RCiBe

and slow dilution in the CMT. Due to the safety importance of CMT, a minimum boron
concentration shall be required for the system availability. Makeup and mixing means
should also be studied.

The CMT opeation in case of accident, idischarge period, relies on a thin saturated
liquid layer to minimse condensations preventing CIWH and instabilities. Pressure or
flow perturbations coming from other parts of the loop may break the liquid layer,
leading to fast condensation: the prediction of this phenomenon may reveal difficult; it
is also difficult toassociate a probability to this occurrence.

Manoeuvrabilityand tightness for check valves and valves, gravitational flow tests for
CMT must be tested during periodic tests. All these will have an impact on the outage
duration and will be carried out in series with accumulator discharge tests.

5.2.6.Final remarks

This section provided an overview of some challenges and issues brought by passive
safety systems in the plant operation for both normal and accident conditions.

The main conclusions and suggestions for safety are the following:

1 Thedeferce-in-depthconcept requires that there be independeocihe extent
reasonably practicahldetween different levels of DID so that failure of one
level of DID does not impair the defeein-depth ensured by the other levels
involved in the protection againstr mitigation of the event which is applicable
for both active and passive systems. As passive systems are considered more
reliable, it is in principle possible to cover two DiD lines with one and the same
passive system. To make a demision this point, deeper analysis based on
functional and architecture optigation considerations has to be carried out.

1 Regarding PSA, in the patite focus has been put on the development of
methodologies to evaluate the reliability of the passive systems. As the analysis
of failure modes and failure probabilities of passive components and structures
becomes more important in advanced reactor desigesifis methodologies for
the assessment of passive safety system reliability need to be considered to
demonstrate their improved safety. Among others a comprehensive methodology
was developed called reliability method forspare safety functions (RMPS).
However, the incorporation of these systems in nuclear reactors needs to be
justified adequately due to several technical isfoe®xample:

The need for dequate experimental data from integral test facilities or
from separate effedacilities.

Lack of accepted definitions of failure modes for these systems that can
be coped with by detailed FMEA
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Difficulty in modelling certain physicabehaviourof these systems
meaning further code development.

1 The methodologyfor conducing DBC safety analyses with passive systems
must be deeply investigated in order lie fully compliant with the DBC
objectives and requirements recalled Saction 5.2.4.2.1, in particular the
coverage and conservatism level. Fulfilling these requirementshangto
consider the functional failures in the DBC safety analysesstitutes one of
the most important issues.

9 Additional questions relative to use of passive systems in DBC analyses shall be
addressed as well (safe shutdown state, voluntary opening of the primary side,
long-term challenge of the containment) to balance the advantages and
drawbacks of passive systems.

9 The main question to be addressed for EAGafety analyses is the
consideration of the functional failyre@hich has an impact on the definition of
the list of DECA conditions to be considered when DBC control relies on
passive systems as a potential common cause failure.

1 There are no specific questions on DBGnalyses when relying on passive
systems because some DBCeatures are already passive in &stionlll
reactor desighiand PSA level 2 already includes a dynamic approach.

1 Some specific characteristics of passive safety systems can be already identified
as particular points to be addressed with respect to internal and external hazards:

induced risksprovisions to be considered for high eledhpools in the
buildings (e.ginternal flooding and pools above electrical and 1&C levels);

protection of containment penetrations at the top of the containment in case
of external hazards (aircraft crash);

effects of environmental conditions on the passive systems (hot and cold
met eorol ogi cal condi tions, salt wet at
i nduced conditionso).

1 Regarding operatiorequirementsthe use of passive systems can eliminate the
costs associated with the installation, maintenance, and operation of active
systems that require multiple pumps with independent and redundant electric
power supplies. However, considering thmall driving forces of passive
systems based on natural circulation, careful design and analysis methods must
be employed to ensure that the systems perform their intended functions.

Regardless of these challenges, passive safety systems yield enough benefits for their
application and further development. Passive safety systems are seeing wide use in many
new reactor designs and will likely play a major role in the advancement ofichesan

energy industry in the years to come.

5.3. Design features and recommendations within DBC and DE® framework

5.3.1.Introductory remarks

Considering the implementation of passive systems in safety architecture designs, a large
corpus of documents has been collected over th0agears, including a significant
portionof IAEA-TECDOC document$AEA (200%), and IAEA 013. Since the mid

1980s, design orgasaitions have believed that the combination of passive and active
systems, or even pure passive systegheuld be the key point for a simpler, cheaper
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evolutionary reactor design with enhanced safety. With such future design and licensing
requirements, the IAEAonferencefiThe Safety of Nuclear PoweS&trategy for the

Future hie 1991 represented the first phase of a large prageafocusing on
reliability assessments of passive systems required in safety cases. The use of passive
systems is generally promoted for two reasdhseduced electric power supplies and
related support systems with respect to maintenance and operation; and 2) resistance to
extreme hazard events like the total loss of heat sink or electric power supplies. Faced
with these arguments, the weak drivingckes of passive systes (considering gravity
draining for makap water or natural circulation for thermal power releases) make it
more difficult to assess (and thus demonstrate) their reliability due to their sgnsativi
multiple parameters, e.geactor state, influence of external disturbances, etc. Validation
and qualification of simulation codes, used in the safety case, are much more complex,
with  multiple experimental programe developments, for separateffect
charactesation, integral test demonstration and quadifien. It is a key challenge for

safety architecture based on passives systems to ensure that all reactor configurations in
all major transients are correctly reproduced in the integral test progsamn the right

scale, with good reproduction in the simulation codes.

A critical review of passive systemsém from the TECDOC 1624AEA (200%), is

provided hereafter, emphaisig the comparison between the experimental data and the

calculated results. The issue of qualifying and validating those systems using an
experimental facility is based on an update of a major intensive training course for

research scientists and engirgdreld in thénternational centre for theoretical physics

(ICTP) in Trieste, ICTRAEA (2004. An important document is the summary of this

progammeas TECDOC 1 4dreulatidnNra watercamled nuclear power
plants;phenomena, models, and methodology forsysteenl i abi | ity assessment
(20095.

At the same time, new reactor designs have been developed and tiod-gtetart of
evolutionary reactors has been specified to present global safety architecture concepts
including common features. The update of pr e
TECDOC 968 from 1996, IAEA1Q973, canbe found in TECDOC 1391, IAEAR004),

which describes the main GEIN+ concepts either still in progress or licensed and built.
Several presswged and boiling water reactor concepts are detailed in this document,
including both the operation mode and safety architecture strategy. In parallel, new
interest in smallescale reactor concepts appeared with the small modular reactors
(SMR), with further statef-the-art reactor design concepts proposed and detailed in
TECDOC 1451, IAEA R005. More recently, additional safety considerations for water
cooled small modular reactors haveebecovered in TECDOC 1785, IAER0169,

taking into accounts lessons lefinom the Fukushima Daiichi accident and including a
summaryof all passive system concepts already described before. Specific pnoggam

and technical meetings were held to develop methods or advanced developments to
assess the performance of passive systems as part of cheracteriassessing the
reliability of passive systems in a probabilistic safety assessment, for the next advanced
pressuged or boiling nuclear reactors. The datent called TECDOC 1752, IAEA
(20169, summares theco-ordinateresearch projecstudies on this topic, Burgazzi
(2012, consiatring the overview of the probabilistic safety assessmenapyplitations

for different advanced nuclear reactor projects including passive systems. Focus here is
on additional failure mode assessments or analysis for selected single passive
components, as well as on performance charaatem in the reactor environment,
mutual impacts, and broader issues concerning reactivity control assessment or long
term demonstration. In this connection, no reactor design should be considered as better
than another one; there is no preference betveetme or passive systemasnd the
possible absence of specific passive systems or architectures in this document has no
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derogatory connotation. Both higilower and small modular reactors are able to embed
passive systems into their safety architecture. A complete passive safety design is easier
to achieve with a small power unit, whether considering adbéssolant accidet or

not. A small primary system inventory is better to maintain in a covered core
configuration with moderate safety injection water volumes. Easier break spectrum
(e.g.achieved by considering new materials andeh& before bread.BB), approach)

studies are necessary in an integrated design concept with the practical elimination of
largebreak event. Lower thermal residual power has to be removed with an adapted heat
sink design, and a high level of autonomy can be achievedgenerally more than 96

hours.

Passive systems are employed witthieglobal safety design architecture to control and
maintain the three fundamental safety functions under any conditions. As explained in
the safety fundamentals of tdeferce-in-depth from WENRA RHWG, Reiman et al.,

2013, level 1 and 2 events are managed by unclassified (active) systems, and level 3.a
and 3.b events (with a low event probability) are the determining initiating accidents,
which lead to the elaboration of the safdgsign strategy. Level 4 events, calesing

severe accident mitigation events, involve specific studies and considerations, but they
fall outside the scope ofithdocument. The diagraim Figure5.3 summasesthe main

passive systems dedicated to the three safety functions to be maintained.

Figure 5.3. Main passive systems dedicated to the safety functions
of a nuclear reactor

e
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Source: Courtesy of Francesco Di Maio.

The passive systems in this figure are oolooded according to the importance of the
safety functions to maintain. Though providing makeup water and removing thermal
power fall under the same core cooling safety functions, they are separate because of a
difference in the application of safety injiem water on the one hand and removing
thermal power from the core on the other hand. Some specific components contribute to
all the safety functions, with soluble boron in the makeup water and a thermal power
removal mode in a closed natural circulation loop. The passive systems dedicated to
containment pressure control have two main functions:

1 Reducing the containment pressure and temperature for the third barrier and
ensuring the integrity of the internal structures and the local control cabinets

1 Producing condensate from the primary system water evaporating phase, for
recirculation through sump lines.
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Selectedreference passive systems are described in Chapter 4 and below. The
proprietary nature of connected information prevents the possitffilitiscusng a level

of detail higher tharthat given in publicly available references. Those references are
cited throughout the present report and referenetelks are discussed (e-ggures 5.5

to 5.14 below).

5.3.2.Passive systems for reactivity control

5.3.2.1 Inherent safety core

In state A (full power mode), reactivity is controlled by the length of the control rods
inserted into the core, combined with a suitable concentration of soluble boron in the
primary system, depending on the average lqurate of the overall core load. The first
global passive system to consider in reactivity core control is thetabifising inherent
reactivity of the core. Variations in the load power from the turbine are correlated with
neutron fluency and thermal power adaptation of the core,adtieetDoppler effect in

the fuel and the moderator effect of the primary cooling water. These phenomena
contribute, as an IAEA class A safety system (completely passive inherently), to the
overall balance in core reactivity; this is supported by exterggiegating experience
(OPEX) and confidence in the overall inherent stability in reactivity, both in civil nuclear
power generation and naval propulsion.

Using MOX fuel assemblies in a thermal reactor to replace UOX fuel assemblies
significantly changes the neutron spectttinll other aspects of reactor physics such

as reactivity coefficients (moderator temperature coefficient, Doppler coefficient, void
coefficient) or power distributions originate from this variation in the neutron spectrum.

In the thermal range (lownergy neutrons), the neutron flux is higher for a UOX fuel
element than for a MOX fuel element for two reasons:

1 Resonance in the absorption cross section of plutonium isotop40Rand Pu
242).

1 Higher absorption cross sections of plutonium isotopes2@uand Pt241)
compared with LR35.

Therefore, for a given neutron source, the thermal flux is lower for a MOX fuel element
than for a UOX fuel element. Also, the strong resonance 4Buand P+242 creates
deep depressions in the neutron fluxhese resonance energiegure5.4.

Figure 5.4. Neutron spectrum for UOX and MOX fuels
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Source: Courtesy of Francesco Di Maio

12. The neutron spectrum representsuwhgation in the neutron flux as a function of the neutron
energy.
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The variation in the neutron spectrum changedéhaviourof the fuel when subjected

to a lossof-flow situation and the appearance of water boiling and voiding. In a UOX
fuel element, removing the water decreases the neutron moderation, which hardens the
spectrum (transfer of lo@nergy neutrons to higénergyneutrons). As the fission cross

section of U235 has @IMO variation, the spectrum hardening reduces the number of
fission reactions and, at the same time, leads to increasing capture of epithermal neutrons
in U-238 isotopes. These two phenomena reduce the fuel reactivity in the case of a loss
of-water situationFor a MOX fuel element, capture reactions due t@8dand P+242

have a positive impact on reactivity when the neutron moderation is reduced (elimination
of capture reactions). In addition, the fisstorcapture ratio of plutonium isotopes is
greater vimen the neutron energy increases. For these reasons, there is competition
between positive and negative contributions to reactivity in the case of MOX fuel. The
plutonium load in a MOX fuel pin is therefore limited to ensure a negative void effect
(safetycriterion). The isotopic distribution of plutonium is also important; the enags
number isotopes are responsible for positive contributions to reactivity. The current
estimation of the maximum plutonium load is around 12% assuming conservative
modeling and assumptions.

5.3.2.2 Scram

In addition to the inherently safe core conditions for all normal core loads and operating
modes, the thermal power is controlled with a lattice pitch for control and shutdown rods.
A great deal of operating experience exists on the conventional extexclahnisms of
control rods and followers, and there are no specific issues or uncertainties that still need
to be resolved. Advanced designs of these components have appeared iR fhye kst

mostly for new small modular reactor (integrated) concepts.

In some specific cases, mainly for specific SMR, the primary system is free of soluble
boron. In the widespread use of PWR, soluble boron is employed to maintain the correct
critical reactivity coefficients in the core during buprate changes, and for ensuring
additional antireactivity margins during the state B cooling down phase, to counter the
positive reactivity insertion due to the primary water contraction coefficient. The soluble
boron concentration in the primary systesncontrolled bya speciic active system,
i.e.the chemical shim, included in the global chemical and volume control system
(CVCS). Such a reactivity control system is not usuelhgsified ands not passively
driven.

The evolution of the soluble boron concentration in the core over time is too slow for a
rapid (positive) reactivity inggon with this chemical shimGenerally, a specific and
classified emergency boron system (EBS) is used to control reactivity during the primary
system cooldown phase, either in a passive mode, or in an active mode, combined with
classified generators.

There are a number of advantages in eliminating the use of soluble boron, especially
with respect to the design and implementation of new control rod systems. This
constitutes a topic beyond the scope of the present docunmeveyer,some insights

are provided in the next paragraph.

With the additional control rod requirements inducing a tighter pitch ratio in the core,
integrated mechanisms need to be developed and assessed. In this case, we need to focus
on achieving the same level of reliability. To maintain sufficientee#ctivity margins

and suitable core buap levels in bororfree reactors, solid neutron poisons are added

to the fuel and additional control rods are implemented. Conventional control rod
mechanismare difficult to install when the lattice pitch of the casifdgsigned to resist

the pressure) and the welded penetrations outside the upper vessel dome limit the
possibility of inserting more control and shutdown rads tighter pitch distribution.
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Integrated or immerged control rod mechanisms are generally proposed, with electric or
hydraulic forces. In this case, available leegm operating experience is much more
limited, and the reliability of the passive (gravity) insertion rods in any caorafiigus

needs to be confirmed in order to maintain the same safety level amditoise the
probability of an unprotected transient accident event.

Considering the effect of a solid neutron poison in the fuel element to control reactivity,
the related passive system is classified as a category A on the basis of the IAEA
classification, IAEA, 1991.

5.3.2.3 Other passive systems contributing to reactivity control

According to the general passive systems illustrat€ibinre 5.3pther systems are used

for soluble boron injections, in either a quick or a slow response to a positive reactivity
step. Depending on the natural (gravity) or maoiaven force, boric acid can be injected
quickly or slowly into the cold legs or directly into the vessel. As an alternative or as
part of adiversified shutdown system in the defefin-depth strategy, accumulators or
cartridges at high pressure can also be specifically installed for the quick injection of
boric acid. Only short responses for a SCRAM are considered, and the fact that there
will be no posicritical conditions after th soluble boron injection into the core needs to

be demonstrated. It is, however, difficult to demonstrate such an assertion in a
representative integral experimental test representing the exact reactor condttions w
all conservative and penghg conditions like maintaining the operation of the primary
pump forced dilution of the concentrated boron injection

The use of a core maketank (CMT) as a reactivity boron insertion system is employed

in several concepts, both in higlower reactors (AR 000, CAR1 400) and in SMR
(ACP-100, SMART). Extensive descriptions of CMT can be found in many AEA
TECDOC documents, mainly as a passive safety injection water system in addition to a
conventional accumulator, and as a thermal power removal system, in addition to passive
residual heat removal systems (PRHR). This additional specificity is briefly medtio

in asseiation with the automatic depressation system, considering that the
instrumentation of the water level in CMT provides a safe driving mode for ADS
activation, with a limited unwanted activation signal rate.

The reliability assessment of the negative reactivity boron insertion is completely
correlated with the correct thermal power removal mode on the one hand, and with the
safety water injection mode on the other hand. The only independence of such
performane could be the total heterogeneity of the boron concentration in the CMT
before activation, with a fraction of deborated liquid in the bottom and a very high
concentrated boron fraction at the top. The operator should include a verification process
or a faced mixing solution in CMT to avoid such events.

Generally, the activation of CMT is limited to low presserilevels, to avoid
overloading the pressser and opening the pressai valves. In a thermglower
removal mode, in absence of a primary system leak or break, the overall primary volume
balance is positive with the activation of the CMT, and the pressure level increases. This
is why the reactivity control mode with CMT, by boron acid injection frontdhé&, can

be operational only after a preliminary cooling down or depresgiomn phase, wit the
pressurger at a low level.

The longterm control of reactivity in a lonterm cooling phase (LTC phase) for a loss
of-coolant accident (LOCA) is a crucial point in the safety case. The evolution of the
soluble boron concentration in the internal refoglwater storage tank (IRWST) or in

the sumps (sump line) in the lower parts of the reactor building, iobtlee most
difficult aspects to demonstrate in safety studies (except for Horerreactor safety
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cases of course). Validation of code simulations, considering the influence of the
ambient pressure and temperature conditions in the containment, and both the natural
singlephase and tw@hase circulation of the primary water in the containment and
through the core, requires a combination of coupled codes with a robust demonstration
of the correct scaling and representativeness of the accident conditions.

It is important to remember that in a soluble boron reactor configuration, the passive
systems associated with the two main safety functions (core cooling control and
reactivity control) are in conflict in a loragrm cooling phase after a lesEcoolant
accident. The widespread use of evaporation/condensation of the primary water to ensure
passive core cooling has a negative influence on the boron concentration in the primary
water circulating through the core. Conversely, the risk of boric acid préicpits the

fuel cladding does not result in the loss of reactivity control, btgone cooling
malfunction (outside the scope of this paragraph).

5.3.3.Passive systems for radiological containmetitid barrier integrity)

Controlling radiological containment essentially depends on theiiglatkess capability
of the nuclear building.

Specific accidents with posde radiological releases, esieam generator tube rupture
(SGTR) events with ovepressuation in the secondary system leading to atmospheric
purging, require specific accident strategies to misgrttie overall radiological releases.
Passive systems are not specifically designed for this transient. Concernindaive as
asreasonablyachievable (ALARA) strategy for minirsing doses, in a SGTR event,
passive systems may have a positive impact on the safety of the transietion. A
safety condenser is useful in this ALARA strategy with clesgstem cooling, while a
pilot-operated relief valve in the affected steam generator with-ggsam cooling, will
lead to significant radiological releases. The absence or limgedf large automatic
safety injection systems at high and medium pressure in the primary system is preferred
in order to prevent massive water ingress and fastmessurgation of the affected
steam generator.

Passive systems associated with radiological containment are designed to maintain the
integrity of the third barrier, covering the primary system, in terms of design pressure
and temperature limits. Two main transient accidents are likely to crack tle thir
containment barrier: 1) a largreak LOCA with a maximum rapid pressure increase in

the containment, and a large steam tube rupture (STR). Depending on the conservative
reactor conditions and penalties on main steam isolation valve (MSIV) delay time to
stop, LOCA or STR is the reference accident to consider in the safety case with respect
to demonstrating that the integrity of the third barrier is maintained. In terms of the
overall radiological release risk, the consequences of a LOCA are much gnethier |
safety case because of the cumulative loss of barriers. In the case of a LOCA, the
integrity of the first barrier is not absolute for the cladding of a few fuel rods, the second
barrier fails, and the third barrier becomes the last line of defexprevent largescale
releases.

We generally consider three types of safety systems to control the pressure and
temperature of the reactor containment building: 1) spraying and active circulation loops,
2) wall condensers or steel containment, and 3) suppression pools. The first category
falls outside the scope of passive systems, and spraying is hardly achievable with passive
means, except with large nitrogen or inert gas releases, with a negative impact on the
condensing performance.
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5.3.3.1 Suppression pool

Very limited information is given in TECDOQ624, IAEA (200%), in relation to
suppression pools. Extensive operating experience and the main design applications
concern the BWR technology, where metallic containment eltsMark |, Mark Il

and Mark Il designs) are installed. Pressure suppression containments require a specific
design, with a conventional separation between one section around the reactor pressure
vessel (drywell, which can as well contain a flooding pool) asdcond section which
includes the condensation chamber (wet well) where, in case of | G@Am is
condensed in the condensation pool and-ecamdensable gas is accumulated in case of
LOCA. Large venting lines are installed from the drywell to the wet well to force the
steam to condensate in the dedicated pool. The main issues with the B\ééptowith

respect to the reliability assessment of such passive systems are:

1 3D modédling of steamand propagation of necondensable mixtures in the
drywell, as well as its propagation in the suppression pool;

evolution and modéing of temperature stratification in the suppression pool,

behaviourand propagation of steam noaondensable mixture from the drywell
to the wet well: this process may cause oscillationsédied chugging).

Generally, such passive systems are insufficient to significantly reduce the containment
pressure close to one bar, and additional act
of graced to reduce the internal aheream pr ess.i
steam condensatidmsed systems, uncertainties on heat transfer coefficients from

various experimental correlations are not concerned with suppression pool technology.

With the devebpment of new SMR concept§igure 5.5, some designs of small
pressuedreactors propose containment pressure and temperature control by means of
a suppression pool. This adaptation from BWR containment designs specifically for a
PWR reactor building design was originally developed for the IRIS (Westinghouse)
mediumpower reator concept, in combination with an automatic depresstion
system (ADS), while many other concepts are based on steagensationby
(externally cooled) metallicontainments or passive wall condensers. In the SMART
concept (KAERI), a suppression pool for the pressure containment and radiation
suppression system (PCRS) is implemented in a large containment building including a
class guard containment wrapping thacater vessel. In this case, the third containment
barrier is not the reactor containment, but the reactor building containment.

Figure5.5shows the IRIS safety system architecture on the left, and the SMAR®rreact
building on the right, IAEAZ018, and IAEA 0183. We can see the suppression pool
gasspace in the IRIS concept (spherical design) acting as an exhaust chamber, to prevent
overpressure due to nitrogen and inert gas in the suppression pool which would limit the
performance. Th&CAREM (CNEA, Argentina) reactor design also has a pressure
suppression pool for its pressure containment control system.

When there are no check valves on the sparger line, it is classified as a category B passive
system. With a checkalvethatcan closdhe line between the suppression pool and the
drywell region of the containment, it is classified as a category C passive system.
Concerning the ADS system releases, it is classified as a category D passive system.
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Figure 5.5. The suppression pool concept in IRIS (Westinghouse)
and SMART (KAERI)

IRIS Passive System

SMART Reactor building

Source: Adapted frorAEA (2009%), Passive Safety Systearsd Natural Circulatiorin Water Cooled
Nuclear Power PlantdAEA-TECDOG 1624, Viennahttps://wwwpub.iaea.org/MTCD/Publications/
PDF/te_1624 web.pdand courtesy ok.H Bae

5.3.3.2 Wall condenser

TECDOC 1624, IAEA 200%), describes the containment pressure reduction and heat
removal systems according to open or closed configuration. For dmssggconditions,

an open system is available with better performance levels. For dedemed
conditions taking into accounegere accident conditions, a closed system is preferred
because of the additional containment barrier between the corium and the environment
(in the case of a break the heat exchanger systeri)sketch of possibleonfigurations

is given inFigure 5.6.

Figure 5.6. Containment pressure reduction systems

Wall condenser System condensation Wall condenser
Open circuit Open circuit Close circuit
Design Basis Conditions Design Extended Conditions

SourcelAEA, 200%.

On the lefiof Figure 5.6 thdirst sketch shows a conventional wall condenser in an-open
system configuration &m an elevated water tank (eWWWER reactor design). The final
heat sink is water in boiling mode in a
intermediate system, the condenser should be isolated in a severe accident mitigation
strategy. Important issues concern the implementafitme wall condenser plates in the

upper area of the reactor building, without interference with other internal components.
Another signifcant difficulty is complying with the overall ledightness performance

of the nuclear building during the reactor life cycle, with multiple penetrations installed

for these wall condenser systems. Interference between the wall condenser and other
componats (shadow effect) can limit the overall performance of steam condensation,
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containment pressure reduction, recuperation of condensate, depending on the 3D steam
pathway and stratification in the upper zone. Performance of the final pressure reduction,
and its reliability, is not very dependent on the 4sondensable gas evolutiand

location in the upper zone.

The middle image in thEigure 5.6 shows a specific large venting circuit that involves
the removal of ambient containment steam from the building in a natural loop circulation
system with a pool condenser. Such a configuration is present in the AHWR concepts.
SWR-1 000 uses the configuration shown in the left part of Figure 5.6. Extensin of
third barrier area by the loop is penalising from a design perspective. In another
illustration of the concept, a double isolation valve appears at the inlet dedcocuit

for better isolation of the third barrier. Such a system is specific to dbagia
conditions only. The thermal power performance depends on the steam inlet coefficient
performance. The same issue concerns the 3D steantondensable mixture
stratification in the containment, and the propagation of thecoadensable gas in the
circuit. The final heat sink is a water pool concept, with a free boiling heat transfer
configuration. In this case, with an immersed heat exchanger, heat trarsfeieras

in a lowpressure boiling model have to be qualified and assessed, and penalisation of
the thermal resistance of the metallic tubes also has to be considered to take into account
the evolution of corrosion and natural ageing.

The right side of the Figure 5.6 shoasatural circulation loop system with a wall
condenser as a thermal power source, and a watebpiiolg concept as the final heat
sink. The intermediate fluid can be water in liquid conditions, diphasic conditions, or
even organic fluid with a boilingemperature below 100°C. The thermal performance is
generally inferior to an opesystem configuration because of the double heat exchange.
Main advantage is the doubleall separation between the reactor containnfgmitd
barrier) and the environment.

All these passive systems are usually activated by an isolation valve opening in open or
closed system (in an I&C order sequence) so this system is classified as a category D
IAEA passive system.

In summary the main uncertainties and performance reliability issues for such passive
systems are:

91 heat transfer correlation for lepressure boiling in the pgol

91 influence of thermal resistance of immersed heat exchanger inside the pool as
final heat sink

1 heat transfer correlation for steam condensation inside the nuclear building, in
presence of nenondensable gas, 3D stratification and shadow effect

1 3D effect of steam/nenondensable gas in the containment, shadow effect,
stratification and steam/gas segregation.

5.3.3.3 Steel containment

The typical design application is the AP0 extended to the AP0O00 concept from
Westinghouse, with a combination of humid and dry air heat exchangers as the final heat
sink. With the development of SMR concepts for naval purpddesklueDCNS), or

in arecent landbased version in a large IRWST pool, the metallic containment is directly
immersed in the final heat sink with very good autonomy, similar to the NuScale reactor
designseeFigure 5.7.
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In the AR1 000 concept, the cooled metallic containment is used in both deagim
conditions and extendetksign conditions. This is a variation in the principles of
deferce-in-depth considering that safety architecture dedicated to dbagja
conditions on the one hand, and desigtended conditions and severe accident
mitigation have to be separated and independent on the other hand. A related issue is
demonstrating the inggity of the third barrier in the severe accident strategy with an
openair system for cooling down the external surface of the metal containinesn
immersed version (e.§luScale), the radiological

Figure 5.7. Cooldown metallic containment in the ARP1000 and

NuScale reactors designs
AR

SPRAY

CONDENSATE

o

SourcelAEA (2009%), Passive Safety Systearsd Natural Circulatiorin Water Cooled
Nuclear Power PlantdAEA-TECDOG 1624, Viennahttps://wwwpub.iaea.org/MTCD/Publications/
PDF/te_1624_web.pdf

containment is easier to defend, even with a metal containment leak, because of a large
water inventory as the final heat sink included in a large building.

Concerning the heat transfer performance, the main difficulty with air/water natural

convection is demonstrating the natural circulation performance in degraded conditions
with respect to the hot external temperature, bad wind conditions, and so on éextrem
external hazards). The evolution of metallic oxidation or corrosion can change both the
thermal resistance and wall convection coefficient. The same issue as that for wall
condenser also exists for the internal condensing performance due-¢onaensale

gases and temperature stratification.

The metal cooldown containment concept is mainly suitable feegsel retention (IVR)
strategies involving mitigation and for lotgrm LOCA demonstration with natural
sump recirculation.

In an immersed containment configuration, the steam and gas pressure can be reduced
to about one bar, if the final heat sink is large enough to prevent widespread boiling
(external heat transfer coefficient by sensible heat instead of nucleate boilitigya Wi

final heat sink by air, the pressure containment can be reduced to nearly one bar too, but
after a longer period of time.

Generally, the containment pressure control (and temperature reduction) system is the
alternative diversified thermal power removal system for the main safety residual power
system connected to the primary or secondary system. For example, in the base of t
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total loss of passive residual heat removal systems {RE@ue to a commomode

failure applied to specific safetpmponents, the final LOCA demonstration is generally

applied in a Afeed and bleedd configuration w
as a final heat sink. The end of the station blackout (SBO) demonstration (calculation)

for AP-1 000 is the example of such demonstration.

I n the case of the total passive demonstratio
natural sump circulation in an immersed loop configuration is possible for a long time.

With such a configuration (widespread reflooding in the building), onlyes®l

retention in a severe accident strategy is possible, in opposition to a dry -pgactor

strategy with an external core catcher.

Direct air or wateicooling is classified as a category B IAEA passive system. When
water is sprayed on the metal containment from an elevated tank, the valve is opened by
I&C system, which leads to a category D passive system.

Metal containments have multiple safety functions, involving periodic controls and
gualification of both the radiological containment system (periodic pressure limit and
leaktightness performance verification) and thermal power removal system
performance. It is very difficult to check the performance of the thermal power removal
system because of the difficulty of reproducing the accident reactor containment
conditions.

The physics involved in the lorigrm cooling phase, with twphase circulation, is very
difficult to assess, and qualification of coupled codes is difficult at best even with
adequate integral effect test facilities and correct scaling. A specific painagmnathis
issue is given below.

In summary the main uncertainties and performance reliability issues for such passive
systems concern:

1 heat transfer correlations for humid and dry air heat exchangers, with a chimney
effect

influence of thermal resistance and ageing of the metal containment

heat transfer correlations for steam condensation inside the nuclear building,
with noncondensable gases, 3D stratification and a shadow;effect

1 3D effect of steam/nenondensable gases in the containment, shadow effect,
stratification and steam/gas segregation.

In a totally immersed version (NuScale example), it is important to point out that
additional key advantages can be found with a final global conduction phase- (liquid
layer to metal structures and layer to liquid) in the lower containment between the final
heat sink and the liquid mass inventory surrounding the reactor vessel in-@faong
cooling phase (after a LOCA or equivalent). In this case, natural circulation in the core
can be maintained for the core cooling safety function, without an evapophtice,
leading to global subcooled conditions for the primary system. Stopping boiling in the
primary system is importarid maintain and control the radiological inventory and to
achieve safer conditions. Thermal power transport at the bottom and the lateral side of
the reactor vessel should be enough to maintain the primary system in subcooled
conditions.

5.3.4.Passive systems for core cooling

The safety case for core cooling control is related to maintaining the integrity of the first
barrier. This safety function is the most important aspect of a passive strategy in the
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framework of managing the thermal residual power in the-temgp when external
hazards affect the nuclear plant and its surroundings. Ensuring enough autonomy for the
final heat sink, and natural circulation in single or {plase flow for thermal power
removal from the core are the two key points for the design of safety passive systems
devoted to the core cooling function.

5.3.4.1 Thermal power removal system with sipdiase heat exchanger and
natural circulation

A typical application of such a passive design is the passive residual heat removal system
(PRHR) in AR600 and APL 000 concepts (Westinghouse design); sketches are given
in Figure 5.8.

Figure 5.8. Passive residual heat removal system and application
to the design of AR1000
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SourcelAEA, 200%.

In the AR1 000 concept, the heat sink or elevated water tank is the IRWST. In case of a
long-lasting blackout event, a PRHR with IRWST (RHBP in the figure above) heat sink
is combined with passive containment pressure control (cooled metal containment in the
AP-1000 design) to extend the grace period before a total IRWST evaporating and
drying phase. The isolation valve is normally opened in the balance line (hot line
connecting the hot leg), and two isolation valves in parallel (sitaglere protection)

are nomally closed in the injection line.

Due to a normally closed isolation valve, opened by 1&C order, this system is classified
as a category D passive system.

A) Break or leak in the PRHR system

Considering the extension of the primary system by this passive system and the necessity
of a small pressure drop in singdbase natural circulation, a break in the connecting
line refers to an intermediater largebreak LOCA event (aboeightinchbreak), with

DBC 4 consequence®n the reactor behawio Concerning a break in the heat
exchanger, a small break is considered, with total failure of the PRHR in terms of thermal
power removal. An elevated position of the heat exchanger leads to a rapideted,

with energy removed from the primary system helping the primary system to
depressuse and cool down.

Prevention and mitigation is ensured via:-sgrvice inspection, higimtegrity
components if relevant, closure of primary system isolation valves in the case of breaks
or leaks outside the primary isolation valves (if leak detection is possible andahhum
action is possible and efficient after the grace period). It is important to underline that in
the event of a small break or leak leading to a quick loss of the PRHR, a diverse thermal
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power removal system is operational. In the @ and APL 000 strategy, the thermal
power mode of CMT replaces the PRHR operation mode in the case of a small break in
the PRHR line. The steam exiting from the break helps deprgeguthe primary
system before the ADS actuation.

B) Singlephase natural circulation

Natural circulation is driven by pressure differences which are very low compéhed
usual pump heads: in singbdase conditions, the forces are due to the difference in
density between the hot and cold cooling water temperature. Compared wjphde®
natural circulation by condensing steam for example, the motion force can typically be
around ten times lower. Ssitivity to pressure drop resistance is higher and requires
periodic control of the entire loo@he ctectionand purging for remal of non
condensable gases is strategic in order to enable natural circulation in the upper part of
the loop (heat exchanger inlet). This is an important protection system in sbatice
required to prevent the accumulation of gas with a possible failure of circulation start
up. In addition to nofcondensable gases, significant flashing in the hot connecting line
has to be avoided to prevent steam plugs in the upper zone of this hot line, with it being
possibly difficult to start up natural circulation when tlumction is required. With
activation of the isolation valve in the back line, gravity draining of the cold liquid should
help to remove any steam or roondensable gas plugs. Like in the core makeup tank
(CMT) concept, the temperature gradient and diaiun the balance line from the hot

leg inlet to the immersed heat exchanger part has to be controllegp@maed during

design to take into account mechanical efforts and fatigue.

C) Heat exchanger performance

The internal heat transfer coefficient mainly depends on the velocity of natural
circulation in tubes. This velocity is determined by the equilibrium between the natural
circulation driving force and the flow resistance which depends on the flow velocity:
together with the temperatures in heat sink and heat source, the pressure losses are the
main parameters determining the thermal power removal performance.

Tube conduction is the second heat transfer coefficient, with possible degradation due to
fouling (internal or external additive thermal resistance) or tube oxidation. Periodic
control and inspection is also required. Due to the boron concentration IRWH&T
inventory (for use as an elevated gravity drain tank in a LOCA event), any ceasitali

or aggregation of solid boron on the external tubes must be detected and cleaned. The
probability of solid boron depositing in the internal heat exchanges tdbeng long

static periods in nominal operating conditions with no circulation, has to be investigated
and evaluated in terms of added thermal resistance in the global conduction heat transfer
coefficient.

The external heat transfer coefficient is mainly determined by the heat transfer
coefficient in boiling mode at low pressure. The sensible heat transfer coefficient is of
secondorder importance, with continuously decreasing importance when the final heat
sink progressively warms up. Under very hot single orlvase water inlet conditions
(above 350 °C), critical boiling conditions can be reached, leading to film boiling on the
external tube side in the pool. Such a phenomenon is typically limited in(firsite
period postSCRAM) and in space (around the inlet area of the heat exchanger); this may
have no incidence on heat exchanger integrity, but it does limit the maximum heat
transfer performance. The average temperature of the IRWST has an impacfist th
period of heat transfer removal (by sensible heat in addition to nucleate boiling), and the
initial temperature of 10°C to 70°C modifies the global heat transfer performance.
Temperature stratification in the IRWST modifies the heat transfer peafure
according to the elevation of the heat exchanger area. CFD models and system codes are
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necessary to evaluate natural circulation and thermal power diffusion in the large tank,
influence of stratification, efficiency of global natural circulation and thermal power
distribution in large volumes.

The combination of the IRWST evaporation mode, with the containment pressure
control system (cooled metal containment), and the condensation phase with condensate
collectors and reinjection into the IRWST, is a complex model to simulate and assess.
The gra@e period before the progressive uncovering of the heat exchanger, with the
progressive loss of the PRHR function, has to be assessed, with multiple variable
parameters. It is difficult to ensure gervice inspection, periodic control, and the safety
casefor initial certification with an adapted program based on simulation codes,
integraleffect tests and scaling.

D) Insights into primary system design when PRHR is present

In addition to the temperature gradient stratification in the hot leg line, the boron
concentration in the entire loop shall be kept under control and within the technical
specifications thresholds for the overall primary system. No bditated or cleakvater
volume must be present during nominal or transient operation in order to prevent a
positive reactivity insertion accident, shall the clear water plug movement towards the
core occur.

This kind of passive systefne. PRHR) has been primarily used ifiilax 100% design
architecturé. Considering that a single failure at (PRHR) loop atartan be eliminated

by two diversified valve technologies configured in parallel, and that PRHR is not
necessarily required in the case of a LO@Ay.by using a sufficient number of CMT),
multiple PRHR designs are unnecessary in a 2 x 100% or 3 x 50% configurations or
similar redundant configurations. Namely, a multiptanch design is pendlg in

terms of enlarging the (presssgd) primary system boundaries also introducing new
possible break events.

5.3.4.2 Thermal power removal by tpbase heat exchanger connected to the
primary side (BWR)

Emergency condenserwith the configuration shownin Figure 5.9, case of
Gundremminge\, are adopted in some BWR, IAER{0%), (i.e. TECDOCG1624).

The vertical Utube configuration for heat exchanger, which operates in reflux condenser
(or countercurrent flow) mode, is generally not employed to avoid liquid plugs in the
hot steam inlet. Rather, the design target is to geucent flows of condensed steam
and liquid inside the tubes. In addition, in an opsedi design, tube uncovering due to
evaporatn of the ultimate heat sink (i.he pool) has to be delayed in time. Thihe
horizontal Utube (or \Vtube) bundle design is generally chosen as a better design
concept with only a small angle for gravity draining.

Separation into a 2 x 50% heat exchanger loop in the Gundremmingen configuration
below leads to better overall design, thermal power removal and distribution in the water
tank. Without a diversified double isolation valve configuration, a 2 x 100%
configuration is required to fulfil (as far as possible) the single failure criterion. In this
case, the primary system cooling by the emergency condenser is two times higher than
the reference safety study with pesalyj conditions. In a boiling reactor, the ugsof
reactivity control in the case of overcooling ladswer impact in comparison with what
happens in PW&(with a soluble boron reactivity control mode).
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Figure 5.9. Emergency condenser for BWRs and emergency
condenser design in the Gundremminge# BWR
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Due to the presence of tvigplation valves for complete loop isolation, this is classified

as a categorlp passive system. The isolation steam valve is a heavy component because
of the steam hydraulic diameter requirement and the head pressure involved. The power
source is important for the atmospheric hydraulic valve. When an additional control
valve functio is required, the autonomy of the power sources can be an issue, as
discovered during the FukushirDaiichi accident where the limit in battery assistance

for suchcomponents was demonstrated.

There are alternative designs for emergency condensers, passive isolation
condenser connected to the annular RPV downcomer gaBWR, with sketch given

in Figure 5.10Themain advantage is the normally open position for both the steam and
liquid isolation valve, without any steam supply valve and with the passive and natural
regulation of the core power by natural flow (siphon effect).

During full power operation, the condenser loop is open: equilibrium at zero flow
establishes due to the absence of condensation gmnikegency condensas the heat
exchanger surface on the heat source side is blocked by cold water. When the level in
the RPV downcomer drops due to scram or after LOCA, the tube bundle is more or less
quickly uncovered with liquid replaced by steam. The emergency condsassrits

full power operation.

With the absence of an isolation valve and automaticgpest shutdown, this isolation
condenser is classified as a category B IAEA passive system.

The main issue for the reliability assessment is shared by all steam condenser systems:
sensitivity to norcondensable gases, chugging effect on the primary side, water hammer
effect in some designs, and pool stratification. Variations in the pressureedistance

in the loop and their impact on the heat transfer capacity is not as significant as that for
the singlephase case.
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Figure 5.10. Isolation condenser for the SWR1000 BWR concept
(KWU and SIEMENS AG)
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Source: BRYK, R, et al. ( 2 0 1 Mddeling fiof KERENA emergency condengerarchives of
thermodynamics  Vol. 38(2017), No. 4, 2%1 DOI: 10.1515/aote201 70023,
https://journals.pan.pl/dlibra/publication/121267/edition/105658/content

The condensing phase and the removal of the liquid film on the internal wall are very
sensitive to the tube slope, surface roughness and steam pressure and temperature
conditions. Chugging (if any) is due to the accumulation and exhaust wave of steam
plugsor liquid plugs around the heat exchanger outlet.

The main concern when attempting to control the thermal power removal by using the
core level is the possibility of generating an oscillation between the core level variations
and the heat exchanger power variations; in this situation excursions of thite dengf
oscillations are possible when the control system is not properly designed.

5.3.4.3 Thermal power removal with tpbase heat exchanger connected to
the secondary side (PWR)

A passive safety condenser in a PWR is the a
generator operating mode. Instead of medjuassure quality water feeding, with high
electric power requirements, an elevated water or air system as the final heat sink makes
it possible to condense the generated steam from the steam generator in a closed system,
with natural back loop by gravity draining. A shell and tube design heat exchanger
configuration with a vertical tube bundle is presently considered to be theadte m
promising option for a controllable power removalhere any control may, of course,

bear the risk for the system to lose at least a part of its passivagdition,(one may
emphasie i see e.gother parts of this report thafg) two-phase flow NC may imply

lower driving forces and higher resistances forces siaglephase NC, and (b) control

of thermal power removed by NC is a complex (unsolved) technological problem.
Namely, it is possible to control the steam inlet or condensate level with an active control
valve, but this system falls outside the scope of the |AB#egory D passive system
classification;see sketches Figure 5.11.
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Figure 5.11. lllustrations of safety condensers connected to steam
generatorsand the shell and tube heat exchanger design for
PWRs

Safety Condenser for PWR concept hanger

safety Condenser pool concept safety
SIEMENS/KWU IAEA TECDOC1624

Condenser AirHeat Exc
IAEA TECDOG1624

SourcelAEA, 200%.

A water tank is generally used as the final heat sink for better performance than air in
the global heat transfer coefficient. The disadvantage of this system is that it requires a
large water inventory in an elevatpdsition around the reactbuilding dome, which
complicates the global layout. In a SMR configuration, with a large water inventory
immersing the reactor containment, a long grace period can be considered without any
water refilling requirements. The final tube bundle heat exchadgsign is a
compromise between the best performance with vertical tubes (NuScale and SMART),
and the bestovered position maintained in a limited water inventory for a-piglver
reactor configuration (APR+, PAFS design).

A) Shell and tube heat exchanger design

An illustration of a shell and tube heat exchanger is showigure 5.11 (left, PWR
SIEMENS AG KWU), Kohler et al. {994):

9 Such a safety condenser has the possibility of controlling thermal power removal
by adjusting the water level in the shell with light metontrolled valve
equipment. The main advantage is using a safety condenser for DBC1 or DBC2
accidents, with contradld decreasing temperature slope for the primary system.
Considering the IAEA classification, such active control of the final heat sink
feed means that the global system falls outside the scope of the passive system
classification. To remain in a passiwstm mode, a bpass of the controlled
valve has to be considered, with only one definitive opening mode, for full power
operation mode.

1 Some difficulties in controlling chugging and-apddown oscillation in the free
level of the tertiary side were observed during the integral effect test of such
components (PERSEO facility). The quality of the steam outlet is difficult to
maintain in thelarge range of operating modes in terms of the pressure and
temperature of secondary side steam supply.

9 The autonomy of the final heat sink during the grace period is difficult to assess
in an opersystem configuration (when the steam outlet is directly exhausted into
the atmosphere), because of the steam quality to be maintained (total evaporation
instead ®an outlet mixture of steam and liquid), without any human action or
active control of the evaporating phase. The steam outlet can be reinjected into
the water tank to limit the disadvantages of an incomplete evaporating phase, but
the overall performancef such a closed system, together with the possibility of
a foam injection and the consequences of overflow have to be considered.
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i There is no steam isolation valve on the secondary inlet line in a conventional
design. During normal operation, the tertiary side is empty with very low thermal
power loss.

1 Contrary to a pool permanently filled with water, there is an additional risk of a
greater pressure drop in the water feed line, with the accumulation of debris, mud
or plugs at the tank inlet (or even ice in extreme conditions).

1 Contrary to a pool permanently filled with water, there is better control over the
water temperature (depending of external weather conditions) because of the
absence of immersed heat exchangers and a totally empty shell.

B) Air heat exchanger design

An air heat exchanger is illustrategdFigure 5.11 (righ}:
1 There is infinite heat sink autonomy if adequate severe and degraded weather
conditions are taken into account (bad wind conditions limiting the chimney
performance, hot inlet air temperature).

1 The thermal power performance is limited nipidue to the poor heat transfer
to the air and the low air capacity to transport heat. Very large heat exchanger
surfaces are required to reach the same performance of a compact immersed tube
design in boiling mode.

9 Such choices have few applications in hggwer PWR and even SMR.

C) Pool design
The pool design heat exchanger is illustrateHigure5.11(cente):

1 The heat exchanger design is adapted to the pool geometry.

1 Temperature stratification of the pool and the overall temperature increase both
complicate the design of the support pool.

9 If such a heat exchanger is designed forgollver(what is not the case efgr
SWR-1 000KERENA), the overcooling of such safety systems in the case of
specific conditions (absence of single failure, no thermal residual power) has to
be studied, and it must be confirmed that there is no excessive mechanical stress
or reactivity insertion fortte primarysystem.

This passive system is well adapted to multiple loop PWR concepts because of the
possible redundancy between components to take into account bothfailugke
occurrences (one safety condenser unavailable) and initiating accidents like water feed
line break or steam tube rupture leading to additional loss of other safety condensers.

In most designs a check valve on the condensate line prevents liquiddtinto the

heat exchanger. Like in the PRHR design, it is important to remember that the motion
force and pressure drop are very low to force the check valve to open. The low
probalility of seeing this component getting stuck in current position needs to be
confirmed, covering the risk of a common mode failure for all the lines {BEC

We have considered three categories of events that decrease the reliability performance
of the safety condenser function. The possibility of isolation valve failure can be
eliminated by providing two valves in parallel to ensure redundancy.

Sensitivity to the water inventory on the secondary side

A minimum secondary water inventory is necessary both for steam production and for
primary/secondary power transfer with the steam generator. In conventionaldwgin
reactors, steam generators have a large exchange surface and a significant water
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inventory. The main steam isolation valves (MSIV) are strategic for maintaining the

water inventory during safety condenser operation, contrary to a conventional PWR
strategy based on Afeed and bl eedd, which mea
resdual leaktightness. For the SMR design, the initial water inventory in an integrated

reactor concept is much smallethich means the requirements governing the maximum

admissible leak size will be much more restrictive.

Eliminating or reducing to asery low level theresidual risk of suclan event requires

the total independence of teafety condenser loop from the normal secondaty
system, as is the @ the French SMR conceptWith a dedicated integrated steam
exchanger for safety transient accidents and specific safety loops with a safety
condenser, the probability of a common to$svater inventory in the safety loops could

be practically eliminated.

Sensitivity to the final heat sink and the grace period

The problem with placing large volumes of water in elevated areas is their sensitivity to
the impact of external hazards. The impact of strong lateral or vertical acceleration in the
support pool in the case of a major earthquake can lead to signifisardflavater, or

even progressive leaks and breaks in the pools structure. The absence of any significant
loss of water used for the final heat sink has to be demonstrated for the reference
earthquake in question. Connections between pools can lead txtmeuated loss of

water from one pool to another. Connections between pools are usually necessary to
comply with the total water inventory requirement for the grace period.

Sensitivity to twephase circulation and the overall heat transfer performance

The overall uncertainties on the thershgdraulic performance of safety condensers are
generally well known and are quite similar to those concerning the PRHR. The main
differences concern the influence of regular and singular pressure drops in thargleam
condensate lines. With a natural force that is about ten times stronger to drive natural
circulation on the secondary side, the operating margins are greater with respect to
pressure drops before significant degradation. The total blockage of ghagle natural
circulation is not obvious in this situation, with degradation in the condensation
performance if there is a significant accumulation of-nondensable gases in the steam
area.

An important point concerns the check valve position on the condensate line, preventing
backflow when the active feed pumps are operational. The additional risk of loop
opening failure can arise from the failure of this check valve to open. The low forces
driving the opening mode (the condensate water column is only a feasrhiagh) and

the probability of seeing the valve stuck in a closed position could be significant. In
comparison with the same issue of stuck check valves on the accumulator line, the
increasing pressure difference between the primary system and the accumulator during
the primary system depressation phase generally leads to the forced opening of such

a component. When the pressure difference on each side of the check valve does not
increase, loss of the safety condenser function can be permanent.

5.3.4.4 Automatic depressgation system (ADS) valves

A typical example of an ADS valve is provided by the-800 and AP1000
Westinghouse reactor design. Many (new) SMR design concepts will adopt the same or
similar strategies following a LOCA event, to avoid active safety injection pumps. The
fistate report 81 describing the APL 000 concept in the IRIS IAEA databassee
e.g.lIAEA (1993 (i.e.related internet connection), and many international publications
provide information on the LOCA strategy based on primary system depsatisuri
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down to below 0.2 MBadopting large opening trains of ADS valves. Considering only
the reliability assessment of such components, without any issue of inadvertent opening
or no opening (single failure or cumulative failure), we can mention some of the main
issues associated tlithe operation of ADS valves in the LOCA strategy for primary
system depressugation:

1 Thelengthy progressive opening of fistage valves (more than 100 s for the
completeopening to avoid liquid drainage and a large shockwave in the IRWST
(steam tank). Such operation cannot really be performed considering the ADS as
a passive system, but only as a-pelfvered systerfwith a battery)

1 Connectiondbetween the safety system (eAdRS) and the IRWST as a water
gravity drain tank can be detrimental in terms of the global reliability assessment.
For example, an accelerated opening of ADS valves (beyond the normal range
of speed) could lead to excessive shockwaves inside the IRWSAsanciated
water losses (loss of grace period during the safety water injection).

1 The exact liquid fraction carried away by the steam through the different ADS
stages has to be correctly evaluated and validated by representative integral
experimental tests. Maintaining a covered core is a strategic point of core cooling
to avoid excessladding temperature3hisis discussethy Xiang et al. 2016,
dealing with the analysis of liquid entrainment through AD$ AP-1 000
duringatypical small break LOCA transient.

5.3.4.5 Main steam relief train

The main steam relief train refers to the piloted relief valves associated withathe
steam lines. With closure of the main steam isolation valves during turbine protection,
thermal residual power removal and progressive primary system cooling (from state A
to state B) are ensured with such active components. Such active systemntsitid! the

scope of this study. However, check valves can only be considered (without any control
or external signal) as an overpressure protection system for the steam generator,
classified as category B by the IAEA. The reliability assessment of sugmsymainly
concerns stuck valves with no opening function, and diverse overpressure protection
systems are supposed to avoid excessive pressure for the steam generator. The primary
system is protected from overpressure by the presssdfety valves based on a similar
strategy. Such components and their failure to close or their partial closure, leading to
secondary water loss, has been described $eetdon 5.3.4.3 dealing with safety
condenser) as an important challenge to overcome in the reliasidigssment.

5.3.4.6 Elevated tank gravity drain: IRWST as a makeup water system

The upper plenum (in air) is pressiralanced with the containment air without any-pre
pressumation. Only low primary pressure conditions can lead to core flooding by gravity
(typically less than 0.2 MPa). In some designs, both the injection line connected to the
reactor vessel and the reactor cavity can fill the entire reactor cavity and dorg.tkd

reactor cavity is a matter for severe accident management argbsal retention
(outside the scope of this chapter). Concerning the boron requireitsedischarge
performance in terms of water makeup is also directly concerne®gsten 5.3.2.3).

This component is described in IAERECDOC 1624 (Chapter 2.
gravi ty ;dskatihis givea iRrigure5.12.
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Figure 5.12. Elevated gravity drain tank

SourcelAEA (200%).

An in-containment refuéhg water storage tank (IRWST) is generally used as an
elevated gravity drain tank for intermediatand longterm safety injections in the case
of a LOCA (longterm cooling). Generally, the first sequence of primary system
depressugation is determined by the ADS valve system, in order to reach thbawo
target mentioned for the primary system water injection phase.

When the safety injection lines include safety isolation valves to prevent inadvertent
primary system breaks, the safety function can be classified as category D according to
the IAEA classification. Consideringigure 5.12, withtwo successive check valves
preventing singldailure events, without any opening valve action, the safety function is
classified as category B according to the IAEA classification. The same issue as that
mentioned for the condensate line of the safehdeaser loop also existsreewith the
presence of successive check valves on the injection line and a small action force for
opening.

The main issues concerning the reliability assessment of the safety injection from the
IRWST are:

1 Sensitivity to the differential pressure between the primary system and the
containment can lead to a delayed water injection or an underestimated flowrate
performance. General boiling and steam plugs in the primary system can lead to
water injection blocages or oscillation phases in the safety injection. Such
issues affect the demonstration of 1) the emgn cooling phase, and 2) the fact
that the core is not uncovered at any time either after-gont safety injection
systems (core makeup tank andwulatory, or before the longerm safety
injection phase (IRWST gravity drain).

9 Variation in the boron concentration of the IRWST inventory, with a possible
deborated liquidnjection phase, after a large ingress of condensates from the
steam break or ADS releases, leading to a reactivity control default. Such issues
also impact the demonstration of the leéegn cooling phase, except for boron
free reactor configurations.

9 Initial demonstration of the IRWST gravity drain performance (for certification)
and periodic controls during the reactor lifetime are both complex tasks because
of the specific pressure, temperature and saturated phase of the primary system
on the one hah and because of the containment atmosphere on the other hand.
The two successive check valves are sensitive tddoge opening action, with
an increasing risk of sticking (in a closed position) or losing the opening function
afterthe oscillation phase of closing and opening actions.
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5.3.4.7 Accumulator as a make water system

Accumulators belong to the most numerous group of passive systems employed in PWR
for safety injection means, existing ever since the first generation reactor design.

Extensive operating experience in accumulator operatioletidasstrong confidence in

such passive components. The main points to remember concern the reliability

assessment of the two safety functions to be ensured: 1) reactivity control with boric acid
injection, and 2) makg water to maintain core cover.

1 Successive check valves (protection against-puwessurgation in case of check
valve leakage or failure) on the injection line limit the discharge performance
because of the need to overcome the cracking pressure of check valves.
Successive opening and closing of these check valves can induce mechanical
strainon the injection line (water hammer effect), or an increased probability of
having a check valve fail after an oscillation phase. This chopping effect is
maximised for slow primary depresssationand period of long-term cooling.

1 Steam condensation performance is generally highly dependent on the non
condensable gas concentration in the containment atmosphere. It is
recommended to avoid significant nitrogen or inert gas releases into the
containment (or in the RCS first, and thertoi the containment through the
break) when the thermal power removal system via a suppression pool or wall
containment cooling system is operational. The widespread use of accumulators
in a LOCA transient can degrade the steam condensation performaiinee in
containment.

9 Periodic control of the boron concentration and the absence of significant
segregation in the accumulators are necessary to avoid precipitation and the
partial or total blockage during delivery.

5.3.4.8 Core makeaptank as a make thermal power removal system

The core makeup tank is a passive system that is always connected to the primary system
at any pressure. Originally developed by Westinghouse for the AP600 and AP

1 000designsthis component has been chosen for other SMR concepts. Many separate
effect tests and integral effect test facilities were devoted to qualifying and validating the
thermal power removal mode and the safety injection performance for such components.
A classic illustration of CMT use in addition to accumulator discharge (&&l%e
strategy) is shown irfrigure 5.13, representirthe safety architecture of the AF000

reactor design. Concerning the reliability assessment of such a component, a difference
will be made according to the safety function to provide either a thermal power removal
mode or a safety water injection mode.
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Figure 5.13. AP-1 000 passive core cooling systemmcluding CMT
from IAEA State 81 Report

CONTAINMENT
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CORE MAKEUP
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Source: |IAEA (1993).
A) Recirculation mode as a thermal power removal system

The balance line is connected to the reactor coolant system and to the upper dome. When
the isolation valve is opened (two valves parallel for SF prevention), natural
circulation begins to inject cold water instead of hot water. This is the first phase of the
boron injection, for all transient accidents leading to-lewel pressuger activation.

The main topics concerning the reliability assessment of this safety function are:

1 Demonstration of its initial performance for certification, and periodic control of
the natural circulation flowrate and thermal power removal performance. The
same issueasthose described in Section 5.3.4.1 on the PRHR also apply here.
Increasing variations over time in the pressure drops ecampliance with the
initial requirement, either in the balance line or in the injection loan
significantly modify the thermal power removal performance.

1 The flow rate of residual natural circulation induced by isolation and check valve
leaks can progressively increase the temperature of the CMT inventory. The
temperature of the CMT coldaterinventory needs to be monitored to avoid the
progressive loss of initial coMaterinjections.

9 Issue of boron concentration distribution and homogeneity is the same as that for
the accumulator.

9 Thermal stress on the pipe and stratification of water between the hot leg and the
upper zone of the CMT balance line must be controlled to avoid any excessive
fatigue or cracks.

This recirculation mode, activated when the isolation valve is opened, is classified as
category D category according to the IAEA classification.

B) Safety injection mode

The safety injection mode of CMT concerns the makeup water phase of a LOCA
strategy. The initial depresssation of the primary system leads to general boiling,
including the production of significant quantities of steam. When the primary level is
close to the inlet of the balance line, steam invades the balance line up to the upper zone
of the CMT, inducing ta draining phase by gravity. In parallel, as the primary system

is in a general saturated mode, flashing occurs in the upper zone of the CMTitiaind in
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oscillation and draining start to occur from the CMT injection line. The main topics
concerning the reliability assessment of this safety function are:

I The same issues as those impacting IRWST gravity draining, with validation of
simulationcodeand the lowlevel forces induced by small pressure differences
between the injection line outlet and the upper zone of the CMT.

9 Evaluation of the flashing effect in the upper zone of the CMT, which modifies
the level of the draining phase. When ADS valve activation is correlated with a
purging tank level, the undesr overestimation of such a level can significantly
modify the time sequence of the LOCA strategy between the simulation and the
real case.

1 The phenomenon of steam condensation at the CMT wall orlénesd water
contact has been described and reproduced in various facilities and covered in
many publications; see elgeeandNo (1997, and Ryu et al.2018. When the
steam flows into the upper zone of the CMT, condensation and void effects can
delay or stop the draining phase for a few moments. Safety case reports take into
account this phenomenon with integral effect tests and the correct scaling for the
full-scale reactor design, so that ttoed effect does not significantly hinder the
safety water injection from the CMT. The first recirculation mode (during which
cold surface temperature water is replaced with hot water) helps to sg@nimi
such condensation effects.

9 Interactions between the CMT and accumulator delivery occur, with significant
blockage of the CMT delivery when the accumulator starts to discharge. Such a
phenomenon has been proved and reproduced in ROSA experiments too, and
code simulations have been diited and adapted to take into account such
pressure drop resistance in the connection branch of CMT and accumulators.
Variations in design or poor estimates of such blockages can signifiocaodify
the total safety injection period and performancénarange of breaks covered
in LOCA safety studies.

Such a draining mode (after recirculation) is activated with the steam filling phase of the
balancing line and is classified as category B under the IAEA passive system
classification.

An alternative design of the CMT is the safety injection tank (SIT), or Hybrid SIT (H
SIT), where the initial isolation valve in the balance line is normally closed instead of
open. Such components exist in the LOCA passive strategy of the SMART reactor
design by KAERI. SIT is designed for specific pressure threshold limits below the
nominal primary pressure; the isolation valve in the balance line is opened by 1&C signal
when the primary pressure falls below a set value. The same concerns as thosegimpactin
CMT apply in relation to the safety injection function for the Hybrid SIT, with the
following additional points:

1 A greaterwaterhammer effect (when the isolation valve is openimgist be
controlled and verified to avoid any damaging effect on pipes.

1 The importance of steam condensation (after opening the isolation valve) can be
greatercomparedwith the CMT effect because of the free level of cold water,
without any initial recirculation making it possible to obtain a hot layer of water
on the surface.
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5.3.4.9 Natural sump circulation line as a makeup water system

Such a passive system concerns the demonstration efdongore cooling in a LOCA
safety case; see sketches (including applicatioRigure 5.14.

Figure 5.14. An application of a natural circulation sump system
(UHS type) design

Source: from left to righiCourtesy ofStephen BajoreKAEA 2009, Ingersoll et al. (2014).

After a shoriterm or midterm safety injection period, based on accumulator, core
makeup tank or elevated gravity drain tank delivery, {taxgn and passive core cooling
requires a global recirculation mode in an immersed loop or integrated reactor
configuration. A naturabump line is described in IAEAR00%) (i.e. TECDOG 1624,
Section 2.7).

In the drawingsbove (Figure 5.14an application of a natural circulation sump line is
shown for botha mid-power loop PWR design with the APO00 concept and a SMR
application with the NuScale concept. Closed containments like in the dodsel
concept are easier for the recirculation mode instead of a large reactor building.
Concerning the assessment of the recirculation mode demonstthBomain issues
concern:

1 Demonstration of the flowrate performance with natural circulation depending
on the level of water (hydrostatic pressure) above the injection line to manage to
the pressure drop resistance in the line.

1 Demonstration othe absence of any significant blockage in the sump inlet due
to debris in the inlet filters.

9 Accessand periodic control of the isolation valve(s) connected to the natural
circulation line.

In the NuScale design, the closed containment without any specific materials or
components between the reactor vessel and the guard containment should reduce the
probability of circulation plugs by debris accumulation, compared with a more
conventional reetor building design for the AR 000. In the APL 000 concept, the
position of the isolation valve, with significant biological shielding from the core, should
improve access tand control ofsuch a safety component, compared with the NuScale
concept.

Inthe ARI0O0OO0O concept, the fAbleedo concept of
the fourth stage of the ADS. In the NuScale concept, a specific reactor vent valve is
located in the upper dome area to depresstinie primary system.

In the safety case on core cooling by a natair@ulation sump line, the injected liquid
flowrate should be sufficient to replace the steam flowrate due to the residual power.
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