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38 years experiences in Safety Analysis and Engineering Evaluation
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- Project manager for inspection of Kori units 3 and 4

Assignee for US NRC
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Head of thermal-hydraulics R&D department

Safety Analysis for KSNP, APR-1400, RELAP/CANDU development
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Research Associate on thermal hydraulic R&D

® 2009 - 2016: Safety officer of NSNI/SAS (IAEA)
Safety Officer as a team leader of severe accident analysis and management

Safety standard development and Generic Reactor Safety Review Service

® 2016 - at present: Korea Institute of Nuclear Safety (KINS)
- Ex-Director of Safety R&D division and currently Professor of INSS

- Vice President, IAEA 8th CNS and 8th-9th Joint Review Meeting
- Senior Advisor, KINS Technical support services to the NRRC of the KSA
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1. Needs for Safety Analysis



Design of Nuclear Power Plant
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Design and Normal Operation of a NPP
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Transient in the Reactor
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“How safe 1s safe enough?”

e Provide a measure of sufficiency/adequacy of safety provisions

embedded in the design of a nuclear installation and its operational process
- For instance, the limiting values (e.g. CHFR/DNBR) likely safety limits are
determined in the design or established for plant operation which shall not

be exceeded during normal operations including anticipated
operational occurrences.

Ultimate Capabilitv

-T Analytical

Margin

—T— ---- Analvzed Desien Limit  ~--- _

Design

Operational Margin

AT e —— ---- Ooerating Limit ~ ======= ,
Operating

Margin

*a%  Korea Institute of Nuclear Safety Slide 8
KINsS ‘ S



1. Needs for Safety Analysis

TID-26241 Nuclear Power Plant Design Analysis
* Two major importance to the designer must be considered in the safety
analysis as well as the detailed effects of various postulated accidents.
* The power distribution may vary with time as the fuel is depleted and
also as the result of different fuel reloading strategies.
* The thermal consequences of start-up, shutdown, and inadvertent
operating situations

Table: Design feedback and iteration process
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REQUIREMENTS
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1. Needs for Safety Analysis (cont’d)

® In the design process, safety analyses are analytical studies aimed
at demonstrating;

* to confirm the safety of Nuclear Power Plants (NPP) through an
quantitative analysis for the postulated transients and accident
conditions.

* to confirm adequacy of limiting conditions for operation (LCO),
limiting safety system settings, and design specifications for safety-
related components and systems to protect public health and safety.

* to confirm_performance of reactor protection system(RPS),
engineered safety features(ESF), and adequacy of emergency
operating procedure(EOP).

£
""‘ Korea Institute of Nuclear Safety i
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1. Needs for Safety Analysis (cont’d)

® The results of the safety analysis ensure that the plant designed
to meet all the design acceptance criteria at commissioning and
throughout the life of the plant.

® Therefore, safety analysis is an essential element of a plant
design as well as of the licensing process.

® Such analyses are an integral part of any licensing process and
are part of the Final Safety Analysis Report (FSAR) for every
nuclear power plant.

""s‘ Korea Institute of Nuclear Safety
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IAEA Safety Standards

for protecting people and the environment
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1. Needs for Safety Analysis (cont’d)

e Safety analysis support the safe operation of the plant by serving
as an important tool in developing and confirming;

* the plant’s protection and operating specifications and limits (technical
specifications, control system set points, control parameters),

* Operability and integrity of system, structure and components (SSCs),
* Maintenance and inspection requirements, and
* Operating procedures,

- Normal and abnormal operating procedures,

- Emergency operating procedures (EOPs), and

- Severe accident management guidelines (SAMGs).

'FI'S Korea Institute of Nuclear Safety

Kl Slide 13



2. Introduction of Safety Analysis: DSA
1) Purpose
2) Safety Requirements
3) Analysis in the plant state



(2-1) Purpose of safety analyses

e Safety analyses are undertaken as a means of evaluating
compliance with safety principles and safety requirements for all
nuclear facilities for the protection of workers, the public and the
environment from harmful effects of ionizing radiation.

® They are to be carried out and documented by the organization
responsible for operating the facility, are to be independently
verified and are to be submitted to the regulatory body as part of
the licensing or authorization process.

&% Korea Institute of Nuclear Safety Slide 15




(2-2) Safety Requirements

required
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DSA and SA and their

application
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(2-2) Safety Requirements (cont’d)

Safety Standards

« Safety Assessment for Facilities and Activities, GSR Part 4

« Safety of Nuclear Power Plants: Design, SSR-2/1

« Deterministic Safety Analysis for Nuclear Power Plants, SSG-2
« Development and Application of Level 1 PSA for NPPs, SSG-3
« Development and Application of Level 2 PSA for NPPs, SSG-4

Safety Report Series (SRS)
o SRS No. 23 Accident Analysis for NPPs

« SRS No. 29 Accident Analysis for NPPs with Pressurized Heavy Water Reactors
(PHWR)

« SRS No. 30 Accident Analysis for NPPs with Pressurized Water Reactors (PWR)

« SRS No. 43 Accident Analysis for NPPs with Graphite Moderated Boiling Water
RBMK Reactors (RMBK)

» SRS No. 52 Best Estimate Safety Analysis for NPPs: Uncertainty Evaluation
(BEPU)
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(2-2) Safety Requirements (cont’d)

TECDOCs

« TAEA TECDOC - 1351 Incorporation of Advanced Accident Analysis Methodology
into Safety Analysis Reports

« TAEATECDOC - 1352 Application of Simulation Techniques for Accident
Management Training in NPPs

« TAEA TECDOC - 1379 Use of Computational Fluid Dynamics Codes for Safety
Analysis of Nuclear Reactor Systems

« TAEA TECDOC - 1539 Use and Development of Coupled Computer Codes for the
Analysis of Accidents at NPPs

« TAEA TECDOC - 1550 Deterministic Analysis of Operational Events in NPPs

« TAEA TECDOC - 1578 Computational Analysis of the Behaviour of Nuclear Fuel
Under Steady State, Transient and Accident Conditions

« TAEA TECDOC - 1332 Safety Margins of Operating Reactors; Analysis of
Uncertainties and Implications for Decision Making

« TAEA TECDOC - 1418 Implications of Power Uprates on Safety Margins of NPPs

Ya ¥



SF1 Fundamental Safety Principles

o The fundamental safety objective is to protect people

and the environment from harmful effects of ionizing
radiation.
eqe, - . el Fundamental
« To ensure that facilities are operated and activities Safety Principles
conducted so as to achieve the highest standards of DP0ODeES @ ®
safety that can reasonably be achieved, measures have
to be taken: izfeény1L|ndaﬂ1entells

- To restrict the likelihood of events that might lead (mea
to a loss of control over a nuclear reactor core, —
nuclear chain reaction, radioactive source or any
other source of radiation;

- To mitigate the consequences of such events if they
were to occur,

- To control the radiation exposure of people and the
release of radioactive material to the environment.

'FI'S Korea Institute of Nuclear Safety
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GSR Part 4 Safety Assessment for Facilities and Activities

Requirement 3: Responsibility for the safety assessment

The responsibility for carrying out the safety assessment
shall rest with the responsible legal person or organization el b i
responsible for the facility or activity.

e Generally, the operating organization shall be Genaliii Kk

responsible for the safety assessment. @ nea

£
sl Korea Institute of Nuclear Safety Slide 20



(2-2) Safety Requirements (cont’d)

GSR Part 4 Requirement 4: Purpose of the safety
assessment

® The primary purposes of the safety assessment shall be:

* to determine whether an adequate level of safety has
been achieved for a facility or activity and

* to determine whether the basic safety objectives and
safety criteria established by the designer and the
operating organization in compliance with the
requirements for protection and safety

*a%  Korea Institute of Nuclear Safety
KINsS ‘ S

IAEA Safety Standards

for protecting people and the envi mel

Safety Assessment for
Facilities and Activities

General Safety Requirements
No. GSR Part 4 (Rev. 1)
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GSG-13 Functions and Processes of the Regulatory Body
for Safety: recommendations

Verification of the safety analysis
IAEA Safety Stanards

e Examination of the submissions from the authorized party
on its management arrangements and operational

procedures and verification of the safety analysis....... In | cfieiemkion By
carrying out the review and assessment, the regulatory for Safety

body may find it useful to perform its own analyses or

research.

General Safety Guide
No. GSG-13

e The regulatory body should determine whether the
authorized party has defined criteria that meet the safety
objectives and requirements relating to:

()aea

- Engineering design;
- Operational and managerial aspects;
- Normal operation, anticipated operational occurrences

and accident conditions.

£
\F47 0N <7 > ’ Joar Safetv
K'lnS‘ Korea Institute of Nuclear Safety Slide 22



(2-2) Safety Requirements (cont’d)

SSR 2/1 Requirement 42: Safety analysis of the
plant design

A safety analysis of the design for the nuclear power
plant shall be conducted in which methods of both
deterministic analysis and probabilistic analysis shall
be applied to demonstrate:

® the design basis for the items important to safety

® the overall plant design is capable of complying
with authorized limits for radioactive releases and
with the dose limits in all operational states

® the overall plant design is capable of meeting
acceptable limits for accident conditions

*a%  Korea Institute of Nuclear Safety
KINsS ‘ S

IAEA Safety Standards

for protecting people and the environmen

Safety of
Nuclear Power Plants:
Design
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(2-2) Safety Requirements (cont’d)

TAEA SSG-2 Deterministic Safety Analysis for NPPs

IAEA Safety Standards

« The objective is to provide recommendations and

guidance on performing deterministic safety analysis for

Deterministic

. . Safety Analysis fi
designers, operators, regulators and technical support Koienr Foom: s
organizations. It also provides recommendations on the
use of deterministic safety analysis for: Bl iy Gl
a) Assessing compliance with regulatory requirements; ()aea

b) Identifying possible enhancements of safety and
reliability;

£
""‘ Korea Institute of Nuclear Safety
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(2-3) Analysis 1n the Plant Sates

® Operational states include normal operation as well as
anticipated operational occurrences(AOOs).

® Accident conditions include accidents that are within the design
basis and design extension conditions.

® Design extension conditions include severe accident conditions,
which are characterized as states with significant core

degradation.
Table : Plant states.
Operational states Accident conditions
Normal Anticipated Design basis Design extension
operation operational accidents conditions
occurrences

£
""l Korea Institute of Nuclear Safety Tide 25
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Grouping by Frequency of Occurrences (IAEA)

O(;c;rg:?;e Characteristics Terminology Acceptance Criteria
Anticipated transients;
102~ 1 Anticipated | transients; frequent faults; | ' qqee e
(Expected Expected | operational |incident of moderate damace
during plant life) occurrences | freq.; upset/ abnormal &
cond.
104~ 102 Design Infrequent incidents; inlzl;azetlcgtoell?lgcl)iario
(Chance greater | poggiple Basis infrequent fau#S; radiological impact
than 1% over Accidents | limiting faults; : :
: i outside the exclusion
the plant life) (DBAs) emergency conditions area
106~ 104 %?;?gg Radiological
(Chanceless | ypikely Basis Faulted conditions consequences oufside
than 1% over Accidents exclusmr_l area within
the plant life) (BDBAs) limits
<106
(Very unlike?ly Remote Severe Faulted conditions Emergency response
to occur during Accidents needed
plant life)
leg Korea Institute of Nuclear Safety Slide 26




Grouping by Frequency of Occurrences (USA)

ANS USNRC
Freq. per | ANSI/ANS-51.1 | ANS NI18.2 RG 1.70 10 CFR
RY (1983) (1973) (Rev. 2)
Normal | Plant Condition 1 Condition I Normal operation & Normal operation
Operation (PC-1) operational transients P
> 10 Plant Condition 2 Condition I Incidents of moderate Anticipated
(PC-2) frequency operational
102 ~ 10-1 Plant Condition 3 | Condition Infrequent incidents occurrences (AOOs)
(PC-3) I 1
Plant Condition 4
41072
104~ 10 (PC-4)
Plant Condition 5 | Condition . Accidents
6. 104
10~ 10 (PC-5) v Limiting faults
<10 Not considered
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(2-3) Analysis in the Plant Sates (cont’d)

Normal operation 1s defined as operation within specified
operational limits and conditions.

® The analysis 1s applied to normal operation with the aim of
showing that normal operation can be carried out safety
including;
* acceptable doses to workers and the public

e acceptable planned releases of radioactive material.

® The analysis should demonstrate that plant parameters remain
within acceptable limits.

£
""l Korea Institute of Nuclear Safety lide 28
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(2-3) Analysis 1n the Plant Sates (cont’d)

An anticipated operational occurrence (AOQ) is an operational
process deviating from normal operation which is expected to occur
at least once during the operating lifetime of a facility.

® Because of appropriate design provisions, it does not cause any
significant damage to items that are important to safety or lead to
accident conditions.

* Do not lead to any significant fuel damage, therefore, no offsite
consequences.

® The analysis should demonstrate that plant parameters remain
within acceptable limits.

£
""l Korea Institute of Nuclear Safety ide 29
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(2-3) Analysis 1n the Plant Sates (cont’d)

Design basis accidents (DBAs) are accident conditions against
which a facility is designed according to established design criteria.

® DBAs are not expected to occur in the life of the plant, but are of
sufficiently high probability that they are reasonably considered
as tests of the safety design of the plant.

® The analysis should demonstrate that the damage to the fuel and
the release of radioactive material are kept within authorized
limits.



(2-3) Analysis 1n the Plant Sates (cont’d)

Design Extension Conditions(DECSs) are accident conditions that
are not considered for design basis accidents, but are considered in
the design process of the facility to minimise or practically eliminate
releases of radioactive material to protect members of the public
outside the site.

® DECs are of extremely low frequency, so they have not
historically been considered to be within the design basis.

® The principal role of the deterministic analysis of DECs is to
define those scenarios that will progress to severe accidents.

'FI'S Korea Institute of Nuclear Safety Slide 31
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3. Safety analysis approaches
1) Classification of Initiating Events
2) Overview of Deterministic Safety Analysis
3) Acceptance Criteria for DBAs
4) Verification and Validation of Codes



£
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Bas1c Procedure of the Safety Analy51s

’—————\

Specification of objectives & scope of accident

Specification of the facility;

analysis (IE)
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Data for
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tuning

Database
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engineering handbook

e — \

Develop. of plant model |}

Requirements

/ Selection of
approach

|
Y \/
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computer codes

.y

Development
of methodology

N e o o

- - w ———————— 4

V&V of plant model

Modifications

\
, 1
Prep. of scenario <=

Mod. of plant model

Initial & boundary conditions

Execution of -
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Checking of results
|

Presentation of results
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(3-2) Overview of DSA (cont’d)

1.  Major Steps in Deterministic Analysis

1.1 Identification of Initiating Events
1.2 Sequence of Events and Systems Operation

1.3 Evaluation of consequences using computer codes

&%y Korea Institute of Nuclear Safety
KINS ‘ S
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(3-1) Classification of Initiating Events (cont'd)

Increase Heat Removal by 2Zndary (5LE

R R B

oy

Reactivity and Moisture Separator & Reheater
Power l_
Distribution sa
Anomalies I]ﬁl
(CEAE)
[ sGTR
-
[OCA Decrease Heat Removal by 2ndary(FLE)
{ . Condensate
: g
| ©r
RN I @
R Decrease Rx Coolant Inventory
Deacrease Rx Coolant Flow(LR)
1
LOCA | "l |
CEAE: Control Element Assembly Ejection
LOCA: Loss of Coolant Accident
SGTR: Steam Generator Tube Rupture
N SLB: Steam Line Break Slide 35
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Initiating Events

@ Reactivity and Power Distribution Anomalies

Uncontrolled Control Element Assembly Ejection (CEAE) from a Subcritical or
Low-Power Startup Condition

Uncontrolled Control Element Assembly Ejection (CEAE) at Power

Control Element Assembly Miss-operation

Startup of an Inactive Reactor Coolant Pump (RCP)

Inadvertent Decrease in Boron Concentration in the Reactor Coolant System
Inadvertent Loading and Operation of a Fuel Assembly in an Improper Position
Spectrum of CEA Ejection Accidents

@ Decrease in Reactor Coolant Inventory

o Inadvertent opening of a pressurizer pressure relief valve
o Failure(leakage) of small lines carrying primary coolant outside the containment
o Steam generator tube failure

o Loss-of-coolant accidents (LOCAs) resulting from a spectrum of postulated
piping breaks within the reactor coolant pressure boundary (RCPB)

£
""l Korea Institute of Nuclear Safety ide 3
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Examples of Initiating Events (cont’d)

@ Increase in heat removal by the secondary side

- Decrease in feedwater temperature

- Increase in feedwater flow

- Increase in steam flow

- Inadvertent opening of a steam generator relief or safety valve

- Steam system piping failure(break) inside and outside the containment

@ Decrease in heat removal by the secondary side

- Loss of external load

- Turbine trip

« Loss of condenser vacuum (LOCV)

« Closure of main steam isolation valve

- Loss of nonemergency ac power to the station auxiliaries

- Loss of normal feedwater flow

- Feedwater system pipe break inside and outside the containment

£
""l Korea Institute of Nuclear Safety slide 3
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(3-2) Overview of Deterministic Analysis

Systematic Evaluation

_ | Fuel Behavior | | Fuel Centerline Temp.,
Enthalpy, etc
| Core Thermal-hydraulic L DNBR
: Analysis
Assumptions —
: : MTC, DT 1Vi
[/ 1| Core Neutronic Analysis ~ p ¢, DTC, Reactivity,
Modeling / . ¥ ower(t), etc
System Thermal-hydraulic | Max Pressure, PCT, M/E
Analysis Release, etc
v
—1 Containment Analysis —| Containment P, T
Radiological Consequence | | Dose at EAB, LPZ,
Wi Analysis Control Room
m Korea Institute of Nuclear Safety Slide 38



(3-2) Overview of DSA (cont’d)

1.1 Identification of Initiating Events
Limiting initiating events
(e.g.) Increase in heat removal by the secondary side

Decrease in feedwater temperature,
Increase in feedwater flow
Increase in steam flow (Limiting)

Inadvertent opening of a steam generator relief or safety valve

£
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(3-2) Overview of DSA (cont’d)

1.2 Sequence of Events and Systems Operation

Step-by-step from initiation to finalized condition (e.g. occurrence,
sensor trip, insertion of control rods, attainment of safety valve setpoint,
opening/closing of safety valve, generation of containment 1solation
signal, containment isolation, operator action credited, etc.)

Use normal operating plant I&C assumed and reactor protection system
Use only safety-related system
Credited operation of engineered safety systems

£
""l Korea Institute of Nuclear Safety ide 4
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(D Scenarios of event (example)

SINGLE FAILURES ASSUMED IN ACCIDENT ANALYSES

EVENT

WORST FAILURE ASSUMED

DNCREASE IN HEAT REMCVAL BY THE SECONDARY

SYSTEM
2511 TFeadweser symem: meifunclio=s aus=g ¢ decreass In
fesdwissr mopecanus Cmé protecdion Trin
1312 Feadwater sysemn malfunctios: caunng 2o imcrosse in | Coe protecton cmn
foadwmer Sow
1313  Excestive morease in secodary tsan: Sow Ko protectios action sequired
131+ Ioadvertent opeming of a ssam gemscasor seliaf or safetyvalve | Cos sabery imjection main
1515 Siam sywem piping failme Cooma cafary izjectos main
152  DECREASE IN BEEAT REMOVAL BY THE SECONDARY
SYSTEM
321 Skem preceure megulator melfunciion o Bilure cassing 2
512 Less of axamal load Cns protecsion Szin D
15325 TuhEsly CowpromTiil ERn.
1524 Inadvertent closure of main steesn isolation valves Cme protection =rin
13235  Low of condenser vecuun: 22d osher svents causing & furbins | Cmos peviscsion oo
T
131§ Llow of oc-emerpsccy AC powse o the plant suxrhizgs Ces maxiliary fesdormies pump
1527 Los: of noemal fsadoater fom Croa moxilary fesdharaier pums
1528 Feadwatar system pipa break Cme guxliary fesdamter pums

Korea Institute of Nuclear Safety

Slide 41



2 System Operation

Use only safety-related system

- Reactor protection system

- Safety injection system

- Auxiliary feedwater system

- Overpressure protection system

- Main steam/feedwater isolation system
- Emergency diesel generators

- Reactor containment system

£
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2 System operation (cont’d)

« Protective Actions and Safety Systems Actions

Single failure criterion
Limiting delay time for protection safety system function used
(calibration error, drift, instrumentation error, etc.)

o Operator action
Operator action can be credited mostly after 30 minutes after the
initiation of event

To apply earlier action time, justification is required by analyzing
operator responses

15 minutes for boron dilution event(easy to recognize in MCR)

£
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(3-2) Overview of DSA (cont’d)

1.3 Evaluation of consequence using computer codes

@O Methods

Conservative Analysis
Direct comparison of analysis results with acceptance criteria
(eg.) PCTallowable > PCTconservative > PCTactual

Best-Estimate analysis + Uncertainty
Comparison of analysis results plus uncertainty with acceptance criteria

(eg.) PCT > PCTBE + PCT >PCT, . > PCTBE - PCT

allowable uncert. ctual uncert.

£
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(3-2) Overview of DSA (cont’d)

Conservative ~ Best-estimate Approach

o* Experiment data

o)
Q
[z Conservative model Code calculation :
3 & correlation Conservative
data)
Quantify safety
- — margin
(¢b]
Iz £ a
= S| Development of
2 S |[20 WD Uncertainty
E Quantification method
(=1
Development of BE
i model & code
EacTran Predicted/Measured
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Example: Safety Margin - Design Analysis

» The term originated in design analyses (e.g., fuel rods)
From USNRC/RES Dr. M. Gavrilas; SMAP Madrid, 10/19-20/2006

3000
A A

2500 r onset of damage *

2200 A f safetv limit
— 2000 - Safety ar%in I I.I__V.__---
LLj /\ Il PCT, llowable >PCTBE + PCTuncer
=TV Y Y I A [ N, S I
S 1500 F L/ A\ o
~ uncertainty 'best estimate predlctlonl
@ band T/ / . \Y\ Tmmmmmmmmmmmsmemmes
1000 - // || qommommmmmmm s mm e

conservatlve Appendix K prediction !
500 |
| I | I | |
0 100 300 500 700 900 1100
m Korea Institute of Nuclear Safety Time (S)



Example: Options for performing deterministic safety analysis

Ophion Computer code  Assumphons about Type of mitial and
type systems avallabihty  boundary conditions
1. Conservative Conservative Conservative Conservative
T e mmmmmmm—m————— 1
| 2. Combined Best estimate Conservative Conservative :
3. Best estmate plus Best estimate Conservative Best esimate
uncertainty Partly most unfavourable
conditions
P e e s ss s s s \
| 4. Realistic* Best estimate Bestestimate  Best estimate !

" For simphicity, the terms ‘realistic approach’ or ‘realistic analysis’ are used in this Safety
Gmde to mean best estimate analysis without quantification of uncertamties.

IAEA Safety Standards
o protecting people and the snvironment

Deterministic
Safety Analysis for
Nuclear Power Plants

- e see
""‘ Korea Institute of Nuclear Safet e
ane  orea Institute of Nuclear Safety Ouea




(3-2) Overview of DSA (cont’d)

@ Plant modelling

Containment

Containment Spray Header

MSSV

Letdown
Orifice

Auxiliary
Charging

[Bump

In-Core Instrument

ADV !
—
PSV
- RDT = Feedwat
Bt Control
Safety 7 Valve
Depressurization Q
System
Filter .
Pressurizer
Steam Steam
Generator 1 Generator 2
@ «
Economizr

9 Control
SIT | Valye

F Regenerative o
Charging
Control Valyg Heat Exchanger N
Boric 7
po [ = mr | | t
m}n‘f‘;—w = Tom c Shutdown Cooling
Recirculation Heat Exchanger Cold I
Sump Low Pressure A

SI Pump

Lo
High Pressure

ST Pumpems,

Refueling
Water
Tank
Train A
l————> Train B

nor Hot
Containment

Leg
Seray Fumy Containment
Spray

T

Korea Institute of Nuclear Safety

Fig. 1. Schematic Diagram of APR1400 Nodalization
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Example : Engineering handbook

Design information for SSCs
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Example : Plant parameters

Operating information for SSCs

> Nuclear design

control rod worth, rod insertion time, shutdown margin
control temperature feedback coefficients (fuel, moderator)
power distribution (radial, axial)

decay heat

fission product inventory

delayed neutron fraction

> Fuel

thermal conductivity (pellet, gap, cladding)
gap fraction of fission product
fuel and cladding dimension

» Core thermal-hydraulics

fuel rod heat flux
heat transfer coefficient between cladding and coolant
coolant flow rate

core bypass flow rate

&%y Korea Institute of Nuclear Safety
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Example : Plant parameters (cont’d)

» RCS

coolant pressure/temperature

coolant inventory (Pressurizer level, charging flow, letdown flow)
pressurizer safety valve open/close setpoints

RCP coastdown curve

ESF actuation delay time

» Main steam system

coolant inventory (SG water level, feedwater flow rate)
steam pressure/temperature

main steam safety valve open/close setpoints

» Instrumentation and control system

process time including delay in instrumentation and actuation

Ya ¥



Plant modelling for code calculation
Preparation of Input deck

100 new transnt * Variable Trips

101 run 510 time 0 gt null 0 0.0 1-1.0

102 si si 401 time O gt timeof 510 10.01-1.0

110 nitrogen 402 acvliq 570 It null 0 27.06 n -1.0
1151.0 403 vlvarea 578 gt null 0 0.13 n-1.0

* 404 acvliq 570 It null 0 1.630835n-1.0
* End. Time Min.Time Max.Time 405 acvliq 570 gt null 0 1.630835 n -1.0
201 200. 1.0e-8 0.0001 3 1000 250000 * Logical Trips

250000 704 401 and -402 n -1.0

705 403 or -402 n-1.0
706 705 and -704 n -1.0
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(3-2) Overview of DSA (cont’d)

@ Computer codes for DBA Analysis

o Conservative vs. Best-Estimate Codes
« Conservative code

conservative models & assumptions based on Evaluation Models
(e.g. Appendix K of 10 CFR 50)

« BE code

realistic & detailed modelling, uncertainty quantification



The structure of a TH SYS code

o Ny,
Component - CV +J approach
. e / .&veragiﬁg
- Pump Ef;?ﬂﬂr
- Separator - -
- Etc.
shedal State eqs. .
L] pecia -z _
I—- Models +«—— | Material properties / :.E;:E;fﬁl::ss
Thermal-irydraulics Interfacial - etc.
) Constitutive eqgs. Hrf
—R _ .
-TPCE ' L Mechanics ™ Fruidwal e | - HT surface
- CCFL - - friction
- Etc.

ql!!
-
-T
—elc.
... Plus Qualification
.. Plus Uncertainty

£
!!i!‘ ;
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(3-2) Overview of DSA (cont’d)

@ Computer codes for DBA Analysis
» Characteristics of Best-Estimate T/H System Codes

« Mixed hyperbolic-elliptic system of 6 conservation equations (mass,
energy and momentum for the vapor & liquid phases)

« Constitutive laws to describe the needed boundary conditions for each
of the phases, e.g. friction between the phases and the wall

« Typically 1-D modelling; partial implementation of 3-D modeling
o Code validation with SET and IET data bases



Example: Code structure

* To discuss about RELAPS point of view in balances, let’s take that way: let
us make a macroscopic (integral) balance on a volume V

S \ d ) . o "I i ,
){’ EJ/’W‘“’ =- _|p;vw~nd5 - JJ,-n dS + JpS'd\'
v - 5 5 v
5, __» rate of change of W flow of W surface volumetric
Vv Py \ in volume V due to fluid motion source of ¥ source of W
‘) (advection) (diffusion)

where ¥ is the specific value per unit mass of \} .

* Some efforts are then spent to obtain a partial differential equation from
this macroscopic balance

Korea Institut "Nucl Safet i
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Example: Code structure

* Numerical schemes are therefore called upon, which often revert back the
painful process made from the finite volume to the point

=

_"_." ; \4'- “ \;r‘{[\.\ -} CV+J
/ / i

—
* This is the very moment when students start becoming angry with you:

*why should we make efforts for getting PDEs
if we must finally revert back to finite volume balances?”

* This question admits multifold answers, but unfortunatel\ none applies so
much to RELAPS code, in which finite control vol < are adopted

* In the case of two-phase flow, even more complicating aspects come into
play, owing to the fact that at each spatial location either phase mav be
present at a given time

Time & Space

Avg

* This is customarily accounted for by functions like

) L-l. if the k —th phase is present in r at time
a (Fa)=q "

|0, if the k —th phase is absent in ¥ at time 1

. Tlme and/or space av eraging is then required to define suitable values of
1a une fractions making some sense on engineering duration and/or

- o T |E'l] th scales .
KINS Korea In; 8 Slide 57



Table : Thermal-Hydraulic System Codes

Governin . . .
Developer Eq € Numerical Methods T/H Dimension
TRAC-PF1 USNRC | 2C,2M, 2E® SETS ID, 2D, 3D
Catesian, Cylinder
TRAC-M USNRC 2C, 2M, 2E SETs, Semi-implicit 1[.)’ AL 3D
Catesian, Cylinder
RELAPS5/MOD3 USNRC 2C, 2M, 2E Semi-impicit 1D
USDOE, Semi-implicit 1D, 2D, 3D
RELAP5-3D INEEL 2C, 2M, 2B Two-step nearly implicit Catesian, Cylinder
COBRA-TF PNL, USA 3C, 3M, 2E Semi-implicit 3D Component
Subchannel
RETRAN-03 EPRI, USA 2C, IM, 2E fully implicit 1D
CATHARE CEA, France = 2C,2M, 2E fully implicit(OD, 1D) 0D,1D.2D,3D
semi-implicit(3D)
2C, 1M, 2E fully implicit 1D,
AIMALLET GRS, Germany |\ for DC semi-implicit 2D, 3D (FLUBOX)
MARS KAERI 2C, 2M, 2B fully implicit 1D, 2D, 3D

semi-implicit

Korea Institute of Nuclear Safety
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Table : Containment Analysis Codes

Country T/H Dimension
Thermal hydraulics,
CONTAIN USA Lumped parameter Hydrogen burning,

Aerosol models

Thermal hydraulics,
COCOSYS Germany Lumped parameter Hydrogen burning,
Aerosol models

Thermal hydraulics,
GOTHIC USA/ Germany | Lumped parameter Hydrogen distribution &
reduction
Lumped parameter & Thermal hydraulics,
WAVCO Germany 3D CFD versions Pressure differences
CONTEMPT-LT USA Lumped parameter Thermal hydraulics
& Koreq Institute of Nuclear Safety Slide 59
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3)

Selection of initial and boundary conditions

’
i
I
I
\

-

Parameter

Conservative direction
Core cooling System pressure

Reactor power
Reactor residual heat
Reactor coolant flow

eactor core bypass
Reactor coolant temperature
Reactor coolant pressure
Steam generator level
Steam pressure
Feedwater flow

Pressurizer level
Power peaking factor

CR worth available for reactor scram

? For LOCA analysis, a maximum value should be selected. For ATWS and SA analysis,
best estimate plant initial conditions are typically acceptable, even for design and licens-

ing type analyses.

Korea Institute of Nuclear Safety

"""" Max.  Max.
Max. Max :
Min. Min )
""" Max. T T Mm-S T
Max. Min
Min.®? Max
Min. Min
Max. Max
N/A (consistent N/A (consistent
with power) with power)
Min. Max.
Max. Max.
Min. Min.
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Example : Typical Initial Conditions for plant accident analysis

TABLE II. CONSERVATIVE SELECTION OF NEUTRONIC PARAME-
TERS LEADING TO OVERESTIMATION OF REACTOR POWER

Reactivity feedback

Fraction  Prompt

Fuel Boron ]
Parameler change  temperature MTC?®  concentration ©F delayed euLron
i : neutrons  lifetime
coellicient + void coelficient
(FTC) (BCC)
P ik b e e e e e e e e D Dl e D N
rease of coola . ,
! Increase of coolant Strong Weak Weak Max. Max. |
; lemperature -
| Decrease of coolant Strong Weak Min Min. 1
| temperature S ' S
\ — N N N NN N N SN NN NN BN N N N SN SN SN S SN S S S B SN BN BN BN N SN SN BN S B S SN SN SN NN N SN N S S 'l
ACTivity Increas : :

REGAVTieTas™ """y o Weak Weak Min. Min.

by CRs

Reactivity decrease Strong Strong Weak Max. Max.

by CRs - )

Void fraction in the

: Strong Weak Strong Max. Max.
core during LOCA = : = : ‘
Boron dilution Weak Weak Strong Min. Min.

# MTC: moderator temperature coefficient.

‘weak’ means minimum absolute value of a feedback coefficient
‘strong’ means maximum absolute value of a feedback coefficient.

Ya ¥
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Example : Typical Initial Conditions for plant accident analysis

TABLE III. INITIAL CONDITIONS FOR CONTAIN-
MENT PRESSURIZATION ANALYSIS

Parameter Conservative selection
------------------------------------------- \

| Contamnment nitial pressure Max. !

| Containment initial temperature Min. )
“Spray water temperature 77T Max" " """7"
Containment leak rate Min.

£
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Example : Typical Initial Conditions for plant accident analysis

Trip points and
time delays to trip
assumed in
accident analyses
RTS and ESFAS
actuation should
be assessed in the
light of the set
points value and
associated delay

Korea Institute of Nuclear Safety

Trip Function Limesting Tnp Time
Pomt Azvomed :Jl.-:-:l:n-
In Amnalveses iz}
Fower Ka ngE= Nentron Flux— — [—:u:: Mﬂx!i:n 118% na
1099 [k bl
Fower Eanga Moutren Flux - -- Low tatpoint 35 (]
Overtempayarure Delia T YVanable ses RITEY)
Figura 15.0.3-1
Wominal Techuicsl ]
Spacifications
Setpeoints (b)
Ovapowar Dalta T %atabls see [ EFY]
Fizure 15.0.3-1
WNommal Tackuizal e 3]
Specifcatons
Secpoinis (b)
Freszunzer Pressurs — - High 2420 pun 20
{167 MPa)
Fr=szumizer Pressure — — Low 1833 pata a0
{1265 MPa)
1935 pata il
(L334 MPa) (b)
Freasurmsr Water Level = - High 100% of presamrzer level | 200
zpan
Beactor Conlant Flow — — Low (fom loop flow | 7% loop flow (1]
datactors)
Undervaliage mip NIA 15 (o)
Turbine trip MN/A 1.0
Steam Genarator Watar Lavel — -- Lam-Low e of namow range level | 2.0
span
Steam Generaror Water Lavel — - Fligh %1% of nartow range lavel | 2.5

Tnp of the feadwater panps and closure of feedwater

system vahees, and tarbine oip

Span

Total tims dalay (incheding Resistance Temparature Detector (ETD) bypas: loap fluid wanspert delay effece,
bypas: loop piprep thermal capacity, RTD tmee response, and trip cwrenst channel electronics delay) firom the ame

th= temperatur= diFermnce wn the comlant ]i:\-w,i - emoeedsy the tp metpomt until the reds ar= fre= fo fall

For SGTR mulyxis

Thkic tims dalay includas not cnly tha oip banakar opening delay

th= EMFE decar d:l.a}' aszumed (o be :qual o 25:,

13=) and the RCCA relaase dalay [
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Example : Typical Initial Conditions for plant accident analysis

MNomunal setpoint (% of mted powern) 109

Accuracy of ||Estimated Assumed Ermor

* Determination of

i Vasiabie Mbeaswrement WEmor (%o of (%o of rated
maximum of Variable rated power) power)
Overpower trlp pOlnt Feedwater temperature =05 =03
_ power range FEE(lW?Eﬂ' pressure {s:lnall +{.5 =03
correction on enthalpy)

neUtron ﬂuX Channel Steam pressure (small correction +1.0 =03

- based on nominal ) _ _

. . . Feedwater flow =135 +: 125

SetpOIIlt COHSlderlng Calorimetric errors i the =2 (a)

. . measiurements of secondary

lnStmmentatlon system themmal powwer

cIrors Axial power distriburion effects =3 =5 (b)
omn total 00 chamber current
Instrumentation channel drift £ + 2 {c}
and setpoint reproducibility
Total assuned error in sefpoint =9
{al +i+ic)
Maxinmum overpower trip point 118
assuming all individnal errors
are simultancously in the most
adverse direction (%o of rated
power)
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Example : Typical Initial Conditions for plant accident analysis

e Initial
radioactive
inventory in
the core for
evaluation of
radioactivity
releases
consequences

P Korea Institute of Nuclear Safety
KINsS : :

CORE AND GAP ACTIVITIES AT END OF EQUILIBRTIN CYCLE

Fuel and Rod Gap Inventaries (Curies) - Core = 121 Assemblies

(End of Equilibrium Cycle)

Isotope F;'LT Gap Fraction Gap Inventory
Er-83m 7.262 E+06 0.10 7.262 B+05
Er-35 5207 BHS 0.30 1.562 B+05
Er-85m 1576 E+07 0.10 1.576 E+06
Er-87 3.064 EHT 0.10 3.064 E~06
Er-38 4.320 E+HO7 0.10 4.320 E-D5
Fr-g0 5322 EH7 0.10 53 E-06
Ne-l3lm 6.017 E+05 0.10 6.017 B4
He-132 1.098 E+03 0.10 1.0DE E-07
Xe-133m 3.467 EHM 0.10 3467 EH05
Xe-135 2752 BT 0.10 2,752 B+D6
Xe-135m 2.143 E+07 0.10 2143 E=+DS
Ne-138 9.482 EH)T 0.10 0482 E+0G
F131 5375 B+H7 0.12 6450 E-DG
E132 7.210 E+07 0.10 7.810 E+06
I-133 1122 B+ 0.10 1122 B+07
¥4 1.240 E+038 0.10 1.240 E-07
F135 1020 E+03 0.10 1.040 E+07
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(3-3) Acceptance Criteria of DSA (cont’d)

o Limits and conditions set by a regulatory body to achieve an adequate level
of safety for the entire range of operational states and accident conditions.

o Acceptance criteria should be set in terms of the variable or variables
that directly govern the integrity of a barrier such as PCT, DNBR, Pellet
Enthalpy Rise, etc.

o Acceptance criteria may be related to the frequency of the event.

£
""l Korea Institute of Nuclear Safety Sl
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Example : Plant Conditions & Acceptance Criteria (USA)

Category Condition I Condition II Condition III Condition IV
o Iglr(:,;rig?ll & Incidents of
Name peratt moderate Infrequent incidents Limiting faults
operational freauenc
transients q y
Expected Expected Once per Less than once during Not expected
Frequency P reactor year plant life during plant life
e Prevention of severe | * g;)(?ltiﬁlgous
Typical e Prevention of fuel failure (by core damage : e Radioactive
Y e Continuous cooling
Acceptance | avoiding CHF e Radioactive release release
Criteria | ® P < 1.1 Pyegign <10% of 10CFR100 | < 10CFR100
o P <° 1P e Separate criteria
max : design for LOCA
- Decrease in
feedwater - Total loss of coolant
- Normal power flow flow
operation - LOCA
Example - Loss of - Very small loss of
- Start-up : - MSLB
for PWRs | . Shutdown offsite power coolant . MFLB
: « Turbine trip |- Small break in steam
- Refueling

. Partial loss of

coolant flow

line
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(3-4) Verification and Validation of Codes

1) Code verification

To ensure that the code design 1s appropriately implemented in
accordance with the design requirements

the numerical methods
the equations into a numerical scheme
user options

To include a review of;
the design concept,
basic logic and flow diagrams,
numerical methods and algorithms, and

computational environment.

r’-, - . . s
*a%  Korea Institute of Nuclear Safety
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(3-4) Verification and Validation of Codes (cont'd)

/Code Verification Plan )
F ti I * Objectives
unc_lona - Approach
Requirementsof ——
the Code » Schedule
* Plan fortestin
\C ? /
[ Code Verification Activities ]
Numerical algorithm Numerical solution Source code
* Verification matrix * Verification matrix (Software quality
* Tests for « Comparison with engineering)
- Conservation - Manufactured solutions . Configuration
- Flow transitions - Analytical solution management
- Convergence - Highly accurate « Software qualit
 Robustness numerical solution analvsis gnd teS;tin
« Versatility - Experiment y g
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(3-3) Verification and Validation of Codes (cont'd)

2) Code Validation

To provide confidence in the code ability to predict safety parameter
quantify the code accuracy

To be performed in two steps;
development phase: by the code developer
independent assessment phase: independent of the developer

User should simulate validation tests without having any prior
knowledge of the experimental results

The results of a validation to be used to determine the uncertainty of the
code

£
""‘ Korea Institute of Nuclear Safety ‘
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(3-4) Verification and Validation of Codes (cont'd)

A validation matrix usually includes for types of test:
* Basic tests (or fundamental tests)
* Separate effect test (SET)
* Integral effect tests (IET)
e Plant data

No | Type | Concerned Concerned Notes
NPP phenomenon or
DBA

1 Bottle emptying To test code features
2 U-tube manometer | To test code features and dependency of

Basic - results upon boundary conditions
3 Pressure drops in

two phase flow
4 SET TPCF Key phenomenon for DBA Analysis
5 Transient CHF
6 SBLOCA
7 ITF PWR Counterpart Test, to address the scaling
issue

8 NPP To perform Kv-scaled calculation

r’-, - . . s
*a%  Korea Institute of Nuclear Safety
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4. ECCS and LOCA Analysis

*a%  Korea Institute of Nuclear Safety Slide 72
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4. ECCS and LOCA Analysis

ECCS (Emergency Core Cooling
Systems)

Functions

* Provide emergency core cooling water
into the reactor following postulated
accidents, e.g., LOCA, Steam Line
Break, etc.

Major Components

* Active portion: High and low pressure
safety injection and associated valves

* Passive portion: Safety Injection Tank
(SIT), piping and instrumentation

v
K'l l Korea Institute of Nuclear Safety

ORIZE VE1S
oR24E
2 omioa vEIT 2
2|2 8
ORIDB V616 OR2SB FB311 V113

L Y P N

vast ¥ FE3a0 V353 vesl  vs3z
10

i~
OR11B V&25 i vizd
5 OR24D

oRDeA VERT
2 2ml2. .4
ORDOE VE26 OFZSD FE81 V123

ORZSA FE3M1 V133

i
orges Ve 2 |2 4

2 2
oRDBA VEIT oRIdA

OR11B VB35
3

[E gmc;“_' dl:l \|1,E_‘ l|je mr
[1 78 VB |

arely

ER RS

2
10
ORITA \«E-l oR24C \2-1 s
2 2 10 o 0 VL Lucp

OR12A \l'u-dﬁ

16

VEEE

Slide 73



ECCS Regulations

USA Korea
Nuclear Safety Act
: . 10 CFR 50 App. A General | Regulations on Technical
ECCS Design Criteria Design Criteria 35-37 Standards for Nuclear Reactor
Facilities, etc. Article 30
BCCS Acceptance 10 CFR 50.46 NSSC Notice 2017-23
Criteria
KINS Technical Guidance,
ECCS EM 10 CFR 50 App. K KINS/GT-NOO7-1
ECCS BE US NRC Regulatory Guide KINS Technical Guidance,
1.157 KINS/GT-N007-2

£
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ECCS Regulations

e ECCS Acceptance Criteria: 10 CFR 50.46

* Calculated maximum fuel element cladding temperature (PCT) <
2200 °F (Peak Cladding Temperature (PCT)

* Calculated total oxidation of the cladding < 0.17 times the total
cladding thickness (maximum cladding oxidation)

e Calculated total amount of hydrogen generated from the chemical
reaction of the cladding with water or steam < 0.01 times the
hypothetical amount that would be generated if all of the metal in
the cladding cylinders were to react (maximum hydrogen generation)

e Calculated changes in core geometry ~ the core remains amenable to
cooling (coolable geometry)

* Calculated core temperature shall should be maintained at an
acceptably low value for the extended period of time (long-term
cooling)

£
""‘ Korea Institute of Nuclear Safety ‘
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ECCS Regulations

e Radiation dose to the public (10 CFR 100.11)
* At exclusion area boundary (EAB)
300 rem for thyroid and 25 rem for whole body for two hours
* At control room

300 rem for thyroid, 5 rem for whole body, 50 rem for skin for
30days

* At low population zone outer boundary (LPZ)

300 rem for thyroid and 25 rem for whole body for whole
duration of the accident

£
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LB LOCA Sequence of Event

»

Blowdown Phase

Discharge of Coolant through

Break (0 ~ 25 ~ 30sec)
Refill Phase

From End of Blowdown (EOB) to
the time the bottom of the core of

reactor vessel core filled with
ECCS water ( EOB ~ EOB+7 ~8

sec)
Reflood Phase

From the core bottom flooding to
complete core quenching (End of
Refill to ~ Quenching time)

Long-Term Cooling Phase

After complete Quenching to

secure state

'FI'S Korea Institute of Nuclear Safety

4. ECCS and LOCA Analysis (cont’d)

Double ended cold leg break, pressure difference across the cladding
and cladding temperature at the hot spot
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4. ECCS and LOCA Analysis (cont’d)

Normal Operation

Steam Steam
generator generator

— )

Pressurizer
Vessel E

Hot leg Hotsdagy

Ll

—_—— —_—
11 ._! G
— -_——]
Cold leg " Cold leg
! I l ! L Pump

Accumulator
v 6 2951

Core —» Hot Leg —» SG — Cold Leg —
Downcomer— Core
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After LOCA

Steam
generator
@ Steam
generator

Pressurizer

Accumulator 7-1024

Core — Downcomer/Hot Leg — Cold

Leg/Hot Leg — Break

Slide 78



4. ECCS and LOCA Analysis (cont’d)
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4. ECCS and LOCA Analysis (cont’d)

Evaluation Model (Conservative EM)

e (Conservative analysis assumptions

® Required and acceptable features

* Sources of heat during the LOCA (102% power, initial stored
energy, fission heat, metal-water reaction rate)

* Swelling and rupture of the cladding and fuel rod thermal
parameters (Thermal/Elastic/Plastic Strain, Rod Burst)

* Blowdown phenomena (Break characteristics, CHF HTC, Post-CHF
HTC)

* Post-blowdown phenomena (Single Failure, containment P,
steamwater Reaction)

':'I'S Korea Institute of Nuclear Safety
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Evaluation Model (Conservative EM)

e KREM (KEPRI Realistic Evaluation Methodology)

e Realistic evaluation method for LBLOCA of a PWR 1in accordance with
KINS Technical Guidance

Developed following the philosophy of USNRC’s CSAU (Code
Scaling, Applicability, and Uncertainty)

Composed of 3-elements and 14 steps
Use RELAP5/MOD3.1K and CONTEMPT4/MOD5

* Adopt the non-parametric statistical method to quantify the overall
uncertainty of a LBLOCA at 95% probability and 95% confidence level

Add the Experimental Data Covering (EDC) to confirm the validity of
code uncertainty parameters

* Approved for a 3-loop Westinghouse plant in Korea initially and extended
for UPI plant (Kori 1), DVI plant (APR1400) and OPR1000

£
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Thermal-Hydraulic Behaviour

(1) Blowdown Phase

* Period from break initiation until start of ECC injection (25~ 30 sec.
after break)

(2) Refill Phase

* Period starting with ECC liquid injection to refill the bottom line of
core

(3) Reflood Phase

* Period beginning to refill after the downcomer and lower plenum
have filled

(4) Long-Term Cooling Phase

* After core quenching
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(D Phenomena during Blowdown Phase

RPV CRGT

ECC Bypass

ECCS Bypass to Break (Large portion of
SIT water bypassed)

® High break flowrates of subcooled '
liquid from cold-leg (Choked flow) Cold leg

Downcomer

Nucleate boiling and flashing due to rapid

depressurization

Critical heat flux (CHF) occurring despi Lower plenum

core voiding and reduced power Strong upward CCF
steam flow

Rapid cladding temperature increase due to
initial stored energy and core uncovery
(Blowdown PCT)

Reactor trip resulting from low pressurizer
pressure (generation of safety injection
signal), RCS pump trip and accumulator
injection to mitigate the consequence of

LOCA \
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Double ended cold leg break, pressure difference across the cladding
and cladding temperature at the hot spot
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2 Important Phenomena during Refill Phase

ECC Bypass
* ECC water mixing with steam 1n cold leg |

 ECC water flowing into the downcomer
bypasses through the break by escaping
upward steam flow

* ECC liquid has penetrated into the lower
plenum despite the sweep-out

Lower plenum

* Decreased depressurization as the

Double ended cold leg break, pressure difference across the cladding

—TIME |
!
|

PRESSURE DIFFERENCE |
T

difference between vessel and containment and clading emperatare a he ot spo
pressures decreases R e
. | I 1000 Il : DEFORMATION llz Eifzszgg‘ff‘:.,gc%é?m
* The ECC refill period ends when the wl NS e
.. : _— e
liquid level in the lower plenum reaches wl ] L1 e
\\\ | I TEI'WPERAYU E
the bottom of the core barrel ( BOCREC) . o
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B \\\\\ \‘ % 50 1005 |
o |
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3 Important Phenomena during Reflood Phase

Forming two-phase flow regimes in the
core due to high temperature of fuel rods

Core refill is rapidly due to the ECC
injection

Top-down quenching due to droplet de-
entrainment at the tie plate and grid spacers,

and liquid entrainment in the central core
due to high temp. fuel rods

Forming a two-phase pool in upper plenum
by some of de-entrained liquid

As the bottom quench progresses upward,
liquid carried over by vapor. It causes an
increase of pressure in SG and upper
plenum, reducing the reflood rate (steam
binding effect)

Decreased PCT due to the continued W: =

injection by pump and core cooling

P Korea Institute of Nuclear Safety

RPV CRGT

Lower plenum

Lower plenum has
been replenished

Top quenching
or
top flooding

Double ended cold leg break, pressure difference across the cladding
and cladding temperature at the hot spot
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@ Long-Term Cooling Phase

Double ended cold leg break, pressure difference across the cladding
and cladding temperature at the hot spot

CLADDING BLOW

» After Core Quenching, to remove the core
decay heat and maintain the core at low i B iR T N—

| RANGE OF PLASTIC |  DOUGALL.ROHSENOW)
A A 1000 i

temperature, water continuously provided by Y e
SIP BAR

3 MIST COOLING DURING
| REFLOOD

| 4 FiLM BOILING

| 5 NUCLEATE BOILING

| & FORCED convECTION
| OF WATER

Shutdown Cooling System or Containment ~
Spray System '

PRESSURE DIFFERENCE |
1

|
100 500 !
« Switchover of water source from RWT to | Tepeenaruns
Containment recirculation sump » | ! N
. . 1|2 2 | a L5 ! 3
« Long term cooling via Heat Exchangers of I
! ]
|
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(3-7) Regulatory Auditing Calculation

REGINE
Core Core System logical
Thermal- Neutronics Thermal- Containment Conse-
Fuel Behavior hydraulics /Reactivity hydraulics Pres/Temp quence
A 4
Dign 4 v LOCA, CONTEMPT- RAD-
Basis Steady State: CTF PARCS *| Transient: LT, CONTAIN TRAD
Accident FRAPCON-3 4 RELAPS
A T
v | 3D Vessel:
Transient: TRACE
FRAPTRAN
COREDAX [* MARS
Criticality KENO,
Safety SCALE
Severe Fission Product Behavior: VICTORIA FP, Hydrogen:
Accident CONTAIN
Themal-hydraulics(RYV), Fission Product: SCDAP-RELAPS
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4. Application of deterministic safety

analysis



Areas of application

e Deterministic safety analyses should be carried out for the following areas:
* Design of nuclear power plants.

* Such analyses require either a conservative approach or a best
estimate analysis together with an evaluation of uncertainties.

* Production of new or revised safety analysis reports for licensing purposes,
including obtaining the approval of the regulatory body for modifications to
a plant and to plant operation.

» For such applications, in many countries, but not all, conservative
approaches and best estimate plus uncertainty methods may be used.

* The assessment by the regulatory body of safety analysis reports.

* For such applications, in many countries, but not all, conservative
approaches and best estimate plus uncertainty methods may be used.

£
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Areas of application

The analysis of incidents that have occurred or of combinations of such
incidents with other hypothetical faults.

* Such analyses would normally require best estimate methods, in
particular for complex occurrences that require a realistic simulation.

The development and maintenance of emergency operating procedures and
accident management procedures.

* Best estimate codes together with realistic assumptions should be used
in these cases.

The refinement of previous safety analyses in the context of a periodic
safety review to provide assurance that the original assessments and
conclusions are still valid.

* As for the original analyses, both, conservative approaches and best
estimate plus uncertainty methods may be used.

By the Regulatory Body to provide independent oversight of licensee
activities.



(4-1) The design of nuclear power plants

® The design basis for items that are important to safety is
required to be established and confirmed by means of a
comprehensive safety assessment.

® The design basis comprises the design requirements for
structures, systems and components that must be met for the safe
operation of a nuclear power plant, and for preventing or
mitigating the consequences of events that could jeopardise
safety.

e For example, deterministic analyses are carried out to determine
what pressure and temperature the components of the primary
coolant system must be able to withstand.



(4-2) The licensing of nuclear power plants

® The use of deterministic safety analyses to develop the design,
and to license a nuclear power plant, are closely related.

® The plant must be designed so that it complies with all the
applicable regulations and standards and this must be
demonstrated in safety analysis reports in order to obtain licenses
to construct and operate the plant.

e The analyses that are presented in the safety analyses reports
should represent the current state of the design and should be
presented in a way that demonstrates to the regulatory body that
its requirements have been met.
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(4-3) The assessment of safety analysis reports

® The operating organisation shall ensure that an independent
verification of the safety assessment 1s performed by
individuals or groups separate from those carrying out the design,
before the design is submitted to the regulatory body.

® Additional independent analyses of selected aspects may also
be carried out by or on behalf of the regulatory body.
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(4-4) Application in plant modifications

® The modification of existing nuclear power plants 1s normally
undertaken

* to counteract the ageing of the plant,
* tojustify its continued operation,
* to take advantage of developments in technology or

* to comply with changes to the applicable rules and regulations.

£
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(4-4) Application in plant modifications

® To comply with the regulatory requirements, a revision of the
safety analysis of the plant design should be made

* when major modifications or modernization programmes are
implemented,

* when advances in technical knowledge and understanding of
physical phenomena are made,

* when changes in the described plant configuration are implemented
or

* when changes are made in operating procedures owing to
operational experience.
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(4-4) Application in plant modifications

e (Other important applications of deterministic safety analysis
are aimed at the more economical utilization of the reactor and
the nuclear fuel.

® Such applications encompass
* up-rating of the reactor power,
* the use of improved types of fuel and
* the use of innovative methods for core reloads.
® Such applications often imply that the safety margins to

operating limits are reduced and special care should be taken to
ensure that the limits are not exceeded.
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(4-5) Analysis of operational events

® The analysis of actual events that have occurred on operating
nuclear power plants are a very important way of establishing the
extent to which the deterministic analysis that has been
performed accurately represents the behaviour of the plant.

® Such analyses should form an integral part of the feedback from
operational experience.
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(4-5) Application to the analysis of operational events

® Operational events may be analysed with the following
objectives:

* To check the adequacy of the selection of postulated initiating
events,

* To determine whether the transients that have been analysed in the
safety analysis report bound the event;

* To provide additional information on the time dependence of the
values of parameters that are not directly observable using the plant
Instrumentation;

* To check whether the plant operators and plant systems performed
as intended;
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(4-5) Analysis of operational events

® Operational events may also be analysed with the following objectives:
* To check and review emergency operating procedures;
* To identify any new safety issues and questions arising from the analyses;

* To support the resolution of potential safety issues that are identified in the
analysis of an event;

* To analyse the severity of possible consequences in the event of additional
failures (such as severe accident precursors);

* To validate and adjust the models in the computer codes that are used for
analyses and in training simulators.

® The analysis of operational events requires the use of a best estimate
approach. Actual plant data should be used. If there 1s a lack of detailed
information on the plant status, sensitivity studies, with the variation of
certain parameters, should be performed.
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101
(4-6) Development and validation of emergency operating

procedures (EOPs)

® Best estimate deterministic safety analyses should be performed
to confirm the strategies that have been developed to restore
normal operational conditions at the plant following transients
due to anticipated operational occurrences and design basis
accidents.

® These strategies are reflected in the emergency operating
procedures that define the actions that should be taken during
such events.

e After the emergency operating procedures have been developed,
a validation analysis should be performed.

® This analysis is usually performed by using a qualified
simulator.
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(4-6) Development of severe accidents management

guidelines (SAMGs)

® Deterministic safety analyses should also be performed to assist
the development of the strategy that an operator should follow 1f
the emergency operating procedures fail to prevent a severe
accident from occurring.

® The analyses should be carried out by using one or more of the
specialized computer codes that are available to model relevant
physical phenomena.
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(4-6) Development of severe accidents management guidel
nes (SAMGs)

e For light water reactors, these include
e thermo-hydraulic effects,
* heating and melting of the reactor core,
* the retention of the molten core in the lower plenum,
* molten-core—concrete interactions,
* steam explosions,
* hydrogen generation and combustion, and

 fission product behaviour.
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(4-7) Periodic safety reviews

® Necw deterministic analyses may be required to refine previous
safety analyses in the context of a periodic safety review to
provide assurance that the original assessments and conclusions
are still valid.

® In such analyses, account should be taken of any margins that
may have become reduced and continue to be reduced owing to
ageing over the period under consideration.

® Best estimate analyses together with an evaluation of the
uncertainties may be appropriate to demonstrate that the
remaining margins are adequate.
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5. Summary
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Summary (Recapping)

® Needs for Safety Analysis

1. Introduction of Safety Analysis: DSA
1) Purpose
2) Safety Requirements
3) Analysis in the Plate Sates

2. Safety analysis approaches
4) Classification of Initiating Events
5) Overview of Deterministic Safety Analysis
6) Acceptance Criteria for DBAs
7) Verification and Validation of Codes

3.  ECCS and LOCA Analysis
® Current Trend of Safety Analysis

* Best estimate analysis with uncertainty quantification (Mainly on LOCA
and also Non-LOCA)

* Code model to incorporate the advanced design (e.g. passive system and
component)

* Computational Fluid Dynamic (CFD) for technical issues (Mixing, CHF,

Thermal Stratification in Pipe, Containment Flow Field, etc.)
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