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Highly Populated NPPs in East Asia

g

Mvanmar X 20N ) f

(Burma) - 7 =% Hong Kong
Q¥ % Macau

Sy

¥ "I'\&‘
el
Vietnam
ra

’ Cnmbodmj Philippines
\ [-(

Kori site:
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On average 1 out of 10 people ;
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Safety Goals

» The now-defunct Nuclear Safety Commission did not make final decision on
safety goals that is aimed to achieve through regulation, different from other
foreign countries.

» The NRA held discussions and finally agreed on the safety goals in April 2013.

(1)  The discussions were based on the results of the deliberationt™ by the Special

Committee on Safety Goals of the now-defunct Nuclear Safety Commission.
* Core damage frequency: approximately 10-#/year
Containment failure frequency: approximately 10-3/year ,etc.

(11) Incorporating the impact of environmental contamination by radioactive materials,
the frequency of an accident that causes discharging Cs-137 over 100TBq
should be reduced to not exceed one in a million reactor years (excluding
accidents by terrorist attacks, ctc.)

(111) Safety goals should be applied to all power reactors without exception.

(1v) Safety goals are paramount in the NRA’s administration of nuclear regulations

(v) The NRA i1s dedicated to continuous discussions on strengthening safety goals in
the nuclear industry.
(25)

Tak!’m from “Enforcement of the New Regulatory Requirements for Commercial Nuclear Power Reactors”, July 8, 2013, Nuclear Regulation Authority
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NUGENIA/SARNET SARP

e Objective of NUGENIA/SARNET SARP (Severe Accident Research
Priority) group

— Continue the work done in the SARNET network (FP6 and FP7 projects
from 2004 to 2013) in the NUGENIA Technical Area 2 “Severe Accidents”
that has integrated the SARNET network

- Sustain efficiency and relevance of severe accident research in the EU

e Methods

- ldentify the remaining safety issues and evaluate the most recent
experimental results

» SARNET2 FP7 results, OECD projects
* Results related to accident at Fukushima
- Analyse R&D progress and results from Level 2 PSA studies

- Re-assess ranking of issues and eventually re-orient priorities

W. Klein—HeRling, M. Sonnenkalb, D. Jaguemain, B. Clément, E. Raimond, H. Dimmelmeier, G. Azarian, G. Ducros, C. Journeau, L. E. Herranz Puebla, A. Schumm, A.

Miassoedov, I. Kljenak, G. Pascal, S. Bechta, S. Glntay, M. K. Koch, I. lvanov, A. Auvinen, |. Lindholm, The NUGENIA/SARNET Severe Accident Research Priorities, Plinus 2
Se}pifwar, 2014, Marseille
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NUGENIA/SARNET SARP

The European ~
Severe Accident PIRTs W PIRTs SUMMARY
P
H
E
N
0
M
E
N
DOMAINS A
In-Vessel 162 44 24
Ex-Vessel 149 48 28
Dynamic Loading 461 71 26
Long Term Loading 116 36 10 phenomena are
- important for safety and
128 30 18 : :
Fission Products present an important
916 |‘ 229 ‘ 106 lack of knowledge.

D. Magallon, A. Mailliat, J.-M. Seiler, K. Atkhen, H. Sj~ovall, S. Dickinson, J. Jakab, L. Meyer, M. Buerger, K. Trambauer, L. Fickert, B. Raj Sehgal, Z. Hozer, J. Bagues, F. Martin-Fuentes,
R. Zeyen, A. Annunziato, M. El-Shanawany, S. Guentay, C. Tinkler, B. Turland, L.E. Herranz Puebla, European expert network for the reduction of uncertainties in severe accident
safcw issues (EURSAFE), Nuclear Engineering and Design 235 (2005) 309-346
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NUGENIA/SARNET SARP

Basic Classification of Phenomena

1. Phenomena during in-vessel accident progression

2. Phenomena that could lead to early containment
(or reactor building) failure

3. Phenomena that could lead to late containment
failure

4. Phenomena of release and transport of
fission products

5. Phenomena in spent fuel pool storages
6. New topics related to severe accidents

See complete list of research priorities at
http.//www.sar-net.eu/sites/default/files/Paper% 20SARP. pdf

W. Klein—HeBling, M. Sonnenkalb, D. Jaguemain, B. Clément, E. Raimond, H. Dimmelmeier, G. Azarian, G. Ducros, C. Journeau, L. E. Herranz Puebla, A. Schumm, A.
Miassoedov, I. Kljenak, G. Pascal, S. Bechta, S. Guntay, M. K. Koch, I. Ivanov, A. Auvinen, |. Lindholm, The NUGENIA/SARNET Severe Accident Research Priorities, Plinus 2
,8‘e’ninar, 2014, Marseille
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NUGENIA/SARNET SARP

Phenomena during in-vessel accident progression
Corium behaviour in lower head/ RPV cooling

e N R 5
Status Status

Corium behaviour in Improve predictability of corium behaviour and the
lower head thermal loading on RPV lower head to assess

RPV integrity. BWR: Consideration of specific

BWR boundary conditions
Integrity of RPV dueto  Improve database for critical heat flux and M H
external vessel cooling  external cooling conditions to evaluate and design

AM strategies of external vessel cooling for in-

vessel melt retention.

e Special point for BWRs because of the control rod guide tubes

e Main Topics of interest:

- Heat flux to metal layer in layered melt & 3-layer
configuration

|
— Thickness of metallic layer N 4

- Use of additives, “dirty” water, pressure dependence, hot
SpO’[S W. Ma, NUGENIA TA2.1, Meeting 2014

W. Klein—HeBling, M. Sonnenkalb, D. Jaguemain, B. Clément, E. Raimond, H. Dimmelmeier, G. Azarian, G. Ducros, C. Journeau, L. E. Herranz Puebla, A. Schumm, A.
Miassoedov, |. Kljenak, G. Pascal, S. Bechta, S. Guntay, M. K. Koch, I. Ivanov, A. Auvinen, |. Lindholm, The NUGENIA/SARNET Severe Accident Research Priorities, Plinus 2
,S'Q’ninar, 2014, Marseille
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New AESJ Thermal-Hydraulics Roadmap

Role Sharing Introduction Scenario of T/H Technological Strategy RM
Ilndustry IIGovemment I 12 RM |
— Rolling + Revision 2% TH Technological Strategy RM 2015 + Rolling =
-w Academy 2008 [ 09 [0 [1M [ 12131 [15] w6 [17[18]19[20]21] 22232 |25||30|_l'§0|
e ————— (Fukushima | New [ Restartof = Reactor Safety mprovement 1F Debris ' ComprehensiveRisk ' Risk X
NuclearEnergy National Plan | | Daiichi (1F) | Regulatory ExitingPlant _at World Best Standard _ _ Retrieval | Reduction (Steady Minimiz
| Sﬁa:::nuf ohging NowTyps sl NPP | Requirements ¥\ Reduction of Residual Ris ,’T ation ,”

Accident v 5 EEsss e
v ) | safety Research of NuclearRegulation Authority >

‘ Status of [ Construction of NewPlant (Asia, US, Europe, Middle-East | T T TTTTTToT s
World

[ SA,AM Countermeasure ]

®Priority Safety Research Plan
|

I 1F Accident Response ]

I Phenomena Clarification I

Improvement of AM, ol L = = .
Element Technology R&D | | Heat Removal : SG Cooling, RCV Cooling, SFP Caoling, Debris Cooling S35,
SA Countermeasure: FCVS, PAR, FCGS, MR, SKC Cladding b = e mm e m— i —————— = ®
International Regulation = r— - T-TTLThRLmTEREERR
MDEP, OECD/WGRNR Advancementof Regulation, Passive Safety System

[ Enhancement of Simulation ]

Enhancement of SA
AnalysisMethod

Enhancement of Safety
Analysis Method

|  Fundamentals

| Knowledge Continuous Improvement of Safety, Improvement of Knowledge (Inform ation) Base forPublic Acceptance
) [ | [ |

| Facility I Maintenance and Utilization of Research Facility (LSTF, CIGMA, TPTF, TIGER, HUSTLE)
L]

L
Technology Evaluation Process, Collaboration of Industry, Government and Academy, Systematization of Guideline

/’ New AESJ Thermal-Hydraulics Roadmap for LWR Safety Improvement and Development after Fukushima Accident, NURETH-16, 2015, Chicago, USA, H. Nakamura, K. Arai, H. Oikawa, T.
/ _Fujii, S. Umezawa, Y. Abe, J. Sugimoto, S. Koshizuka and A. Yamaguchi

-/xaeri Korea Atomic Energy Research Institute Severe Accident & PHWR Safety Research Division

[ Resource ] I Continuous Cultivation of Human Resources with Ability of R&D, the Evaluation necessary for Technology Succession (Urgent Need) >




Post Fukushima Research Initiatives at CLADS

Fxisti tests and
ting tests research needs

Temperature rise and water vapor generation ) 4

due to decrease of heat removal
Further temperature increase in fuel rods with lowered water Range of

level associated

Oxidation of cladding and channel boxes phenomena

CORA

Af—r s

PHBUS, LOFT, PBF, DF

.
[EX ]

Melting and downward relocation of control blades and
channel boxes

Melting and downward relocation of cladding

Control rod, Downward relocation of metallic melt into lower core-support
channel box structure region and lower plenum

XR2

Fuel melting and local blockage formation

(_ Axial and lateral expansion of molten ceramic pool

..l.I.I'i'lll.lllll.llll.l.

-
I"l.l.l.l.l.l'l

! relocation of molten-core materials through the core-support Focal point 1@

and lower structure region
plenum !

structures

I (rapid cooling by water injection)

! Drain of melt to the lower plenum structures

I and damage of the structures

R R R
Fl
(EE TR TR

Failure of ) ) ) ORNL (BWR)
lower head ' Falling of melt onto the lower head and accumulation there
¢ Failure of lower head ¢ L. OLHF, FOREVER (PWR)
MCCI Core material relocation onto pedestal FOCEI| point 2
(damage i MOCKA, VULCANO, ANL
of pedestal) Melt concrete reaction ®

Limited knowledae for BWR

Ikken Sato, CLADS (Collaborative Laboratories for Advanced Decommissioning Science), Japan Atomic Energy Agency, STATUS OF SOME JAEA PROGRAMS
CUSING ON CORE-MATERIAL RELOCATION BEHAVIOR FEATURING BWR DESIGN CONDITIONS

kaeri  Korea Atomic Energy Research Institute Severe Accident & PHWR Safety Research Division




Post Fukushima Research Initiatives at CLADS

» Worldwide specilists’ interests will help realization of this program

» Such specialists’ remarks will be reflected to the program Additional site
. . data such as
— Focal point 1 (relocation to lower plenum) uon
on-going
measurement
planning Separate effect tests (6.2) and debris
Reliable — sampling
Integral boundary | Advanced evaluation
' dition thods (6.2)
Control rod, tEStS (61) CD<—|n me
channel box J
Reliable boundary
condition
Focal point 2 (Failure of lower head) N
N . on- oin http://sustainablejapan ne
= I » On-going tests going _ 17p=2651
. enum . . . i
| stwewres || > Discussion on ﬂﬁgﬁ:ifﬁ"ua“m Continued
A research needs ' updates in
. l Failure of . ) terms of
1" lower head G Re“a!:’_le boundary consistency
condition with reality

MCCI
» 0On-going tests
» Discussion on research needs

This presentation covers
Items in blue

SING ON CORE-MATERIAL RELOCATION BEHAVIOR FEATURING BWR DESIGN CONDITIONS

Ik Sato, CLADS (Collaborative Laboratories for Advanced Decommissioning Science), Japan Atomic Energy Agency, STATUS OF SOME JAEA PROGRAMS
-/xaeri Korea Atomic Energy Research Institute Severe Accident & PHWR Safety Research Division



Source Term PIRT: &=

AESJ (Atomic Energy Society of Japan)has developed thermal hydraulic PIRT and source
term(ST) PIRT based on findings during the Fukushima Daiichi NPPs accident.

These PIRTs aim to explore the debris distribution and the current condition in the NPPs
and to extract higher priority from the aspect of the sophistication of the analytical
technology to predict the severe accident phenomena

Three Event Phase: Up to 7 days..., Lessons from Fukushima Accident

Reactor scram RPV failure PCYV failure
. Time
Time :
domain Early phase Middle phase Late phase
Tvpicel XK X o —>
- Fuel melting, Relocation mccl O :
event Source term release to the environment

The magnitude of source term (release fraction of radionuclide into environment, their
chemical forms and the release timing) was selected as the FoM.

Sh}ﬁhi Suehiro, Jun Sugimoto, Akihide Hidaka, Hidetoshi Okada, Shinya Mizokami, Koji Okamoto, Development of the source term PIRT based on findings
%g Fukushima Daiichi NPPs accident, Nuclear Engineering and Design 286 (2015) 163-174

kaeri  Korea Atomic Energy Research Institute Severe Accident & PHWR Safety Research Division




Source Term PIRT:

High ranked phenomena of the source term PIRT.

No. Phenomena Phase SoK
Early Middle Late
1. In-vessel release
2106 Pellet form change and radionuclides release at the time of the clad rupture High P
2107 Radionuclides release after pellet is exposed to the atmosphere in the core by clad melting High U
2108 Radionuclides release from molten fuel High High U
2111 Influence on iodinefcesium chemical form and hydrogen production from molten/re-solidified High U
fuel due to the B4C control rod existence
2. Gasfaerosol behavior in RPV, RCS, and Steam line
2201 Condensation/re-vaporization/adsorption High High K
3. Transport in RPV and PCV
2301 Leakage via instruments, penetration, etc. High High High P
2302 Leakage via gasket High High High P
2303 Leakage by RPV damage High High P
4. Ex-vessel release
2401 MCCI (concrete erosion) High High P
5. Aerosol behavior in containment
2501 Scrubbing by steam flow from SRV to S/C High K
2502 Scrubbing with the vent from D/W to S/C High High P
2503 Scrubbing due to water injection to the pedestal floor High P
2507 Condensation/re-vaporization/adsorption High K
2513 Deposition by gravitational settling High K

Sh/o',rihi Suehiro, Jun Sugimoto, Akihide Hidaka, Hidetoshi Okada, Shinya Mizokami, Koji Okamoto, Development of the source term PIRT based on findings
% Fukushima Daiichi NPPs accident, Nuclear Engineering and Design 286 (2015) 163-174
KAERI

Korea Atomic Energy Research Institute
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Source Term PIRT

gondens_atiqn ® Thermal-hydraulic condition
evaponzatlc?n . T . ® Chemical reaction
Sorption erosol formation ® SA progression
Desorption | &4 and growth

/> Gas: Kr, Xe \

lodine chemistry || v/g|atile: I, Cs, (Ru), Sb,
Release In containment » Semi/low-volatile: Mo, Rh,
from fuel Ba, Sr, Ce, (Ru)
Dissolution » Structural material: B, Fe, Si,
Revaporization Ca, etc.
Release P \ /
at MCCI
s | = » Release from fuel
oy o » Transport thorough reactor
L coolant system
b » Transport in the containment

Masahiko OSAKA, Kunihisa NAKAJIMA, Shuhei MIWA, Chikashi SUZUKI, Fidelma Giulia DILEMMA, Fumihisa NAGASE,

Fundamental research on fission product chemistry for accurate evaluation of FP release and transport behavior, 1st

%Q Workshop of the OECD/NEA BSAF Project Phase 2, 24 June 2015.
KAERI
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U.S. DOE SEVERE ACCIDENT RESEARCH FOLLOWING THE FUKUSHIMA DAIICHI

ACCIDENTS, nuRretH-16, 2015, Chicago, USA, M. T. Farmer, M. Corradini, J. Rempe, R. Reister and D. Peko

= knowledge gaps given the current state of LWR severe accident research, and

augmented by insights from Fukushima. Results from these activities were used as the
basis for refining DOE-NE’s severe accident Research and Development (R&D) plan.

Table I. Summary of identified gaps with associated importance rankings and recommended R&D to address the gaps [11]

Category Identified Gap Fl " Recommended R&D to Address the Gap:
s Re-exanune existing tests for any additional insights that could reduce modeling uncertanties
Assembly/core-level - » Planning to determine if sfaled tests are possible . _ o
. degradation . LM.MMOR_ evaluations to gain a common lmt_icrs_mndmg of regimes where predictions are
In-Vessel consistent and regimes where predictions differ qualitatively and quantitatively
Behavior » Develop tools to support SAMG enhancements and for staff training.
Lower head 2%t s Scaled tests addressing melt relocation and vessel wall impingement heat transfer
Vessel failure 4 b s Scaled tests addressing vessel lower head failure mechanisms; focus on penetration-tvpe failures
Ex-Vessel Wet cavity melt sab ¢ Modify existing models based on ongoing prototypic experiments and investigate the effect of water
Behavior relocation and CCT throttling rate on melt spreading and coolability in BWR contamnments
H, stratification and 76 s Analysis and possible testing of combustion in vent lines under prototypic conditions (1.e.,
combustion condensation, air mgress, hot spots, and potential DDT)
Containment | 1 /0o monitoring 10 s Leverage ongoing international efforts as a basis for developing a H,-CO containment monitoring
- Reactor - - system
Building Orgamic seal 120 o Sumlar to a process completed by the BWR mdustry, develop PWR containment seal failure criteria
Response degradation under BDBE conditions based on available mformation sources
Evaluate optumal position i contamment with existing codes that predict gas distributions
PAR performan 13 ‘ : . : . 1
P e ¢ Examine performance with H,/CO gas mixtures under BDBE environmental conditions
Emergency RCIC/AFW 3 ¢ Plan for a facility to determine true BDBE operating envelope for RCIC/AFW systems
res p‘t;ns - equipment * Based on stakeholder input. construct the facility and conduct the testing
equipment BWR. SRVs 67 ¢ Testing to determine BDBE operating envelope (in RCIC/AFW test facility)
performance Primary PORVs 1 ¢ Testing to determine BDBE operating envelope (in RCIC/AFW test facility)
¢ Monitor studies underway in Japan to obtain basic insights into phenomenology.
Raw water 8? s Develop tools to analyze raw water effects; apply to postulated accident scenarios.
o Based on outcome of these actrvities, formulate additional R&D if uncertainties persist.
Additional s Leverage exasting mternational facilities to characterize: 1) thermodynamics of fission product vapor
Phenomena Fission product species at high temperatures with hugh partial pressures of HO and Ha, 1) the effect of radiation
transport and pool 9 1onizing gas within the RCS, and 11) vapor interactions with aerosols and surfaces.
scrubbing ¢ Leverage existing intemational facilities to address the effect of Hy/H,0 and H,/CO gas mixtures on
pool scrubbing at elevated pressures and saturated conditions.

* Panel consensus was that Fukushima forensics offer best opportunity for insights in these areas.

)
C ;KAERI\.

Korea Atomic Energy Research Institute

®Panel consensus was that uncertainties in these areas are dominated by uncertainties related to assembly/core-level degradation; thus, the latter should be higher priority.
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= Severe Accident Tolerant Passive System and Measurement System needed

RCS tH ZF: passive safety systems driven by the steam from the RPV, RCIC (Reactor Core Isolation
Cooling) and HPCI (High Pressure Core Injection) significantly delayed core damage for Unit 2 and Unit
3, while IC (Isolation Condenser) did not work for Unit 1.

RCS ZF¢t: did not work due to malfunction of SRV and loss of battery

ALt HS (PCV H 7|): did not work due to loss of power. And leakage from the PCV (probably head
flange) led to a hydrogen explosion and loss of RB (Dt the case where the reterence wair b or the wate el

RPV

in the referencd leg line lowers.

RCS FQ!: delayed and effective injection was
less than half due to bypass lines....

Malfunction of Water Level Measurement, no indications in the MCR

Differential pressure [RRuSEEeS
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z9 Hal

TMI-2 Core End-State Configuration

Close Call

The meltdown in Fukushima
Dalichi’s No. 1 reactor was
greater than previously

meters into the 2.6-meter
concrete base of the
containment vessel.

Note: 1 meter = 3.28 feet

indicated, Tepco said Wednesday:
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SRAID} T SRV X5
(APR1400, EPR) =2F (ML, 7|A™ 0ZFh
CHAE=, ABIKHS. Discharge head, Mobile
DG, Battery
ERVC Y E5 52 HZ | - AP1000
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Technology

(power harvesting

and/or SA tolerant I&C:
i ojgl)
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(1) XA & 8Fr 3 : Proposed PIRT

Component and
Representative Physics

Challenge to the

Subject and Issue Defence in Depth

Phenomenon Phenomena Description

RCS Response: In-Vessel Core Degrdation

Oxidation of Zr cladding by steam will result in a heat up of cladding.
Oxidation and hydrogen Oxidation by steam Oxidation, brittlement, melting. The oxidation by air is more
production and/or air exothermic than that by steam but without hydrogen generation.
Nitriding of zirconium may occur if the oxygen content is exhausted.
Melted cladding interact with UO2 fuel. There will be eutectic reaction
Cladding-Fuel between cladding and UO2 fuel. Candling of melted fuel will occur.

Core Degradation CNTMT and RCS

AL REL interaction, Candling They will flow downward along the fuel and can be frozen when they RCS
reach coolant.
In-core molten pool Spatial growth of the Without reflooding, the molten pool will continue to grow gradually
. . . . . RCS
and/or debris behaviour pool because of inner heat sources. It consist of debris and molten pool.
Further

Knowledge SAMG Mitigation Regulatory Status of Experimental Program and/or

st e Ly Level Actions  Features Aspects :Zs;asrch Computer Code
Difference between and current
generation of SA anaysis computer
code, for example MAAP and
MELCOR simulations
L. PAR, Igniter for See exp. CODEX-RU, MOZART, QUENCH, RUSET
Generic issue for the current fule X . . .
desien hydrogen Phébus 2K: in discussion exp. at very high
& removal temperatures VERCORS expts
Generic to SA NA NA
Related phenomena will be investigated in the
Genericto SA NA NA LIVE and KTH facilities, Benchmark to Phébus,

ACRR-MP

]
: ;"A““\ Korea Atomic Energy Research Institute Severe Accident & PHWR Safety Research Division



Cavity Flooding
System or alternate
water source with

pump

Water source, power supply
to the pump

Top flooding may be not
enough to quench the ex-
vessel corium

PARs and Igniters

SHAREH 45 2

PCCS

Water/Air Cooling

Core Catcher,

Filtered Containment

Venting

AP1000 &
SOHAL D =H ds=te, &
N2 A |2t

UPS, Innovative Technology
(power harvesting and/or
SA tolerant I&C)

e
C imm*" Korea Atomic Energy Research Institute
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Radioactive release to the
environment

Loss of

r -
/4 ) [\ . ~\ containment
Wy el integrity
. -
Direct containment heating
s - > Venting-filtration
team

Auxiliary building

Containment
leaks via penetrations

Stack

Ejection of corium
into the containment

A
<
-

Evacuation
of ene

from the :

containment L

Corium-concrete interaction

T. Albiol, Thought-provoking » Presentation: Mitigation of Source Term, First NUGENIA-SARNET Workshop on Source Term Paving the
/ay for Future Source Term Research, Marseille (France), April 1-2, 2015
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TROI : OECD/SERENA

xs\team Explosion
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