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IAEA Safety Standards Hierarchy
Global Reference Point for
a High Level of Nuclear
Safety

Safety Fundamentals

Safety Fundamentals
Basic objectives, concepts and
principles to ensure safety

Safety Requirements

Safety Requirements
Requirements which must be satisfied

to ensure safety for particular
activities or application areas (“shall”
statements)

Safety Guides

Safety Guides
Recommendations, on the basis of
international experience, of measures
to ensure the observance of safety
Requirements (“should” statements)
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Current Structure of the Safety Standards
Safety Fundamentals
Thematic standards

Facilities specific standards

Legal and governmental infrastructure

Nuclear power plants: design

Emergency preparedness and response

Nuclear power plants: operation

Management systems

Research reactors

Assessment and verification

Fuel cycle facilities

Site evaluation

Radiation related facilities and activities

Radiation protection

Waste treatment and disposal facilities

Radioactive waste management
Decommissioning
Remediation of contaminated areas
Transport of radioactive material
General safety (cross-cutting themes)
Safety of nuclear facilities
Radiation protection and safety of radiation sources
Safe management of radioactive waste
Safe transport of radioactive material
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IAEA References on Safety Analysis
1. Safety Assessment for Facilities and Activities, GSR
Part 4, 2009
2. Safety of Nuclear Power Plants: Design, SSR-2/1,
2012
3. Deterministic Safety Analysis for Nuclear Power
Plants, SSG-2, 2009 (2017)
4. Development and Application of Level 1 PSA for
NPPs, SSG-3, 2010
5. Development and Application of Level 2 PSA for
NPPs, SSG-4, 2010
6. Severe Accident Management Programmes for NPPs,
NS-G-2.15, 2009 (2016)
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Nuclear Safety Objectives
General Safety Objective
To protect individuals, society, and environment by
establishing and maintaining in nuclear facilities an
effective defence against radiological hazard

Radiation Protection Objective
To ensure in normal operation that
radiation exposure within the plant and
due to any release of radioactive
material from the plant is as low as
reasonably achievable, economic and
social factors being taken into account,
and below prescribed limits, and to
ensure mitigation of the extent of
radiation exposure due to accidents.

Technical Safety Objective
To prevent with high confidence accidents
in nuclear plants; to ensure that, for all
accidents taken into account in the design
of the plant, even those of very low
probability, radiological consequences, if
any, would be minor; and to ensure that
the likelihood of severe accidents with
serious radiological consequences is
extremely small.

How to achieve safety objectives
•
Management responsibilities
•
Strategy of defense-in-depth
Korea Institute of Nuclear Safety
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Definition of Safety and Security
□ Safety
Protection of people and the environment against radiation
risks
□ Security
Prevention and detection of, and response to, theft, sabotage,
unauthorized access, illegal transfer or other malicious acts
involving nuclear material, other radioactive substances or their
associated facilities
 There is not an exact distinction between the general terms safety and
security. In general, security is concerned with malevolent or negligent human
actions that could cause or threaten harm to other humans; safety is
concerned with the broader issue of harm to humans (or the environment)
from radiation, whatever the cause. The precise interaction between security
and safety depends on the context.
Korea Institute of Nuclear Safety
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Definition of Risk
□ A multi-attribute quantity expressing hazard, danger or
chance of harmful or injurious consequences associated
with actual or potential exposures. It relates to quantities
such as the probability that specific deleterious
consequences may arise and the magnitude and
character of such consequences.
□ The mathematical mean (expectation value) of an
appropriate measure of a specified (usually unwelcome)
consequence:
R = Σ Pi Ci

where Pi is the probability of occurrence of scenario or
event sequence i and Ci is a measure of the consequence
of that scenario or event sequence.
Korea Institute of Nuclear Safety
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Defense-in-Depth
 Concept of Defense-in-Depth
 Several Levels of Protection
 Successive barriers preventing the release of radioactive material to
the environment
 Defense-in-Depth is the key concept on which all of nuclear safety is
based.

 Strategy of Defense-in-Depth
 To prevent accidents
Principal emphasis is placed on the primary means of achieving safety,
which is the prevention of accidents
 To mitigate the consequences of accidents
In-plant and off-site mitigating measures are available and are
prepared that would substantially reduce the effects of an accidental
release of radioactive material.
Korea Institute of Nuclear Safety
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Physical Barriers

Shield Building
Steel Liner

Pressure Vessel

Fuel
Cladding

Fuel Pellet
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Level of DID
Levels
of
DID

Objective

Essential means for achieving
objective

Level 1

Prevention of abnormal
operation and failures

Conservative design and high
quality
in construction and operation

Level 2

Control of abnormal operation
and detection of failures

Control, limiting and protection
systems and other surveillance
features

Level 3

Control of accidents within the
design basis

Engineered safety features and
accident procedures

Level 4

Control of severe plant conditions
including prevention of accident
progression and mitigation of the
consequences of severe accidents

Complementary measures and
accident management

Level 5

Mitigation of radiological
consequences of significant
releases of radioactive materials

Off-site emergency response
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Safety Analysis Reports
Chapter 1 - Introduction and General Description of Plant
Chapter 2 - Sites Characteristics
Chapter 3 - Design of Structures, Components, Equipment, and Systems
Chapter 4 - Reactor
Chapter 5 - Reactor Coolant System and Connected Systems
Chapter 6 - Engineered Safety Features
Chapter 7 - Instrumentation and Controls
Chapter 8 - Electric Power
Chapter 9 - Auxiliary Systems
Chapter 10 - Steam and Power Conversion System
Chapter 11 - Radioactive Waste Management
Chapter 12 - Radiation Protection
Chapter 13 - Conduct of Operations
Chapter 14 - Initial Test Program and ITAAC-Design Certification
Chapter 15 - Accident Analysis
Chapter 16 - Technical Specifications
Chapter 17 - Quality Assurance
Chapter 18 - Human Factors Engineering
Chapter 19 – PSA and Severe Accidents
Korea Institute of Nuclear Safety
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124

II. Safety Assessment and
Safety Analysis
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Safety Assessment and Safety Analysis
Safety Assessment

Safety Analysis

Assessment of
engineering factors
important to safety

Two complementary
methods




Deterministic
Safety Analysis
(DSA)

Probabilistic
Safety Analysis
(PSA)






Predicts the response to
postulated events with
predetermined assumptions;
checks fulfilment of
acceptance criteria

Combines the likelihood of
initiating events, potential
scenarios and their
consequences into estimation
of CFD, source term or overall
risk

16








Proven engineering practices
Defence in depth
Radiation protection
Safety classification
Protection against internal and
external hazards
Combination of loads
Selection of materials
Single failure criterion
Redundancy, diversity
Equipment qualification
Ageing
Man-machine interface, …etc.

IAEA Safety Standards No. GSR Part4 (2009)
“Safety Assessment for Facilities & Activities”
Ch.4 SAFETY ASSESSMENT
Overall requirements
2. Scope of the safety assessment
3. Responsibility for the safety assessment
4. Purpose of the safety assessment
Specific requirements
5. Preparation for the safety assessment
6. Assessment of the possible radiation risks
7. Assessment of safety functions
8. Assessment of site characteristics
9. Assessment of the provisions for radiation protection
10. Assessment of engineering aspects
11. Assessment of human factors
12. Assessment of safety over the lifetime of a facility or activity
-17-
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Defence in depth & safety margins
13. Assessment of defence in depth

Safety analysis
14. Scope of the safety analysis
15. Deterministic and probabilistic approaches
16. Criteria for judging safety
17. Uncertainty and sensitivity analysis
18. Use of computer codes
19. Use of operating experience data
Documentation
20. Documentation of the safety assessment Independent verification
21. Independent verification
Ch.5 MANAGEMENT, USE & MAINTENANCE OF THE SAFETY
ASSESSMENT
Requirement 22. Management of the safety assessment
Requirement 23. Use of the safety -18assessment
Requirement
24. Maintenance of the safety assessment
Korea Institute of Nuclear Safety

General Requirements for Safety Assessment

 A safety assessment shall be carried out for all applications of
technology that give rise to radiation risk; that is, for all types of
facilities and activities

 The primary purposes of the safety assessment
• to determine whether an adequate level of safety has been achieved for a
facility or activity, and
• whether the basic safety objectives and safety criteria established by the
designer, the operating organization and the regulatory body, in
compliance with the requirements for radiation protection and safety have
been fulfilled.
 a systematic process that is carried out throughout the lifetime of the
facility or activity to ensure that all the relevant safety requirements are
met by the proposed or actual design.

Korea Institute of Nuclear Safety

19

Specific Requirements for Safety Assessment
 Preparation for the safety assessment, in terms of assembling the
expertise, tools and information required to carry out the work
 Identification of the possible radiation risks resulting from normal
operation, anticipated operational occurrences or accident
conditions;
 Identification and assessment of a comprehensive set of safety
functions;
 Assessment of the site characteristics that relate to the possible
radiation risks;
 Assessment of the provisions for radiological protection;
 Assessment of engineering aspects to determine whether the
safety requirements for design relevant to the facility or activity
have been met;
 Assessment of human factor related aspects of the design and
operation of the facility or the planning and conduct of the activity;
 Assessment of safety in the longer term, which is of particular
concern when ageing effects might develop and might affect safety
margins, decommissioning and dismantling of facilities, and closure
of repositories for radioactive waste.
Korea Institute of Nuclear Safety
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Safety Analysis
‘Safety analysis’ is the evaluation of the potential hazards

associated with a facility or an activity. And it shall:
 assess the performance of a facility or activity in all operational states
and, as necessary, in the accident conditions to determine whether there
is compliance with the relevant safety requirements;
 address both the consequences arising from all normal operational
conditions as well as the probabilities and consequences associated with
all identified abnormal or accident conditions;
 identify the abnormal and accident conditions that challenge nuclear
safety (all internal and external events and processes that may impact on
physical barriers to confine the radioactive material);
 determine the cause of the abnormal or accident conditions, its
significance and determine the effectiveness of the proposed corrective
action.
 shall incorporate deterministic and probabilistic approaches, as
21
appropriate.

Approaches to Safety Analysis
• Deterministic approach defines and applies a set of conservative
rules and requirements for the design and operation of a facility or
activity. If these rules and requirements are met, they are expected
to provide a high degree of confidence that the level of radiation
risk to the public and workers will be acceptably low.

• It predicts the response to PIEs with predetermined assumptions;
checks fulfilment of acceptance criteria
• The deterministic safety analysis mostly uses conservative assum
ptions. This conservative approach provides a way of compensatin
g for uncertainties in the performance of equipment and the perfor
mance of personnel, by providing a large safety margin.

22

Approaches to Safety Analysis
• Probabilistic approach determines all significant contributors to the rad
iological risk from a facility or activity and to evaluate the extent to which
the overall design is well balanced and meets probabilistic safety criteria
if been defined.
• It uses a comprehensive, structured approach to identify failure
scenarios, then combines the likelihood of initiating events, potential
scenarios and their consequences into estimation of CFD, source term
or overall risk.
• The probabilistic safety analysis uses realistic assumptions whenever
possible and is able to quantify uncertainties explicitly.
• Probabilistic approaches may provide insights into system performance,
reliability, interactions and weaknesses in the design, the application of
defence in depth, and risks, that it may not be possible to derive from a
deterministic analysis.
23

Procedure for Safety Analysis

 Identify & categorize initiating events
 Establish acceptance criteria
 Establish analysis methods & codes
 Perform analysis
 Compare results with relevant acceptance
criteria

-24-
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Different States for Nuclear Installation
□ Normal operation: Operation of a nuclear installation within specified operational
limits and conditions including starting, power operation, shutting down, shutdown,
maintenance, testing and refuelling.
□ Anticipated operational occurrences: All operational processes deviating from
normal operation which are expected to occur once or several times during the
operating life of the installation and which, in view of appropriate design provisions,
do not cause any significant damage to items important to safety nor lead to accident
conditions.
□ Accident conditions: Deviations from operational states more severe than
anticipated operational occurrences including design basis accidents and severe
accidents.
□ Design basis accident: Accident conditions against which a nuclear power plant is
designed according to established design criteria, and for which damage to the fuel
and the release of radioactive material are kept within authorized limits
□ Design Extension Condition: Postulated accident conditions that are not
considered for design basis accidents, but that are considered in the design process
of the facility in accordance with best estimate methodology, and for which releases
of radioactive material are kept within acceptable limits.
□ Beyond Design Basis Accident: Postulated accident with accident conditions more
severe than those of a design basis accident.
□ Severe accident: Accident conditions more severe than a design basis accident and
involving significant core degradation
□ Accident Management: The taking of a set of actions during the evolution of a
beyond design basis accident: to prevent the escalation of the event into a severe
accident; to mitigate the consequences of a severe accident; and to achieve a long
term safe stable state
Korea Institute of Nuclear Safety
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Grouping of Initiating Events and Associated
Transients Relating to Plant States

Operational States

Accident Conditions

DEC (design
extension conditions)
Normal
Operation

Anticipated
Operational
Occurrences

A

Design
Basis
Accident

B

Severe
Accident

Accident Management
A : Accident conditions which are not explicitly considered design basis accidents
but are encompassed by them
B : Design extension conditions without significant core degradation
Severe Accident : Accident conditions more severe than a design basis accidents,
involving significant core degradation (typically core melt)
Korea Institute of Nuclear Safety
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Safety Goals
□ Characteristics aimed to assist in answering the fundamental
question: “How safe is safe enough?”
□ Provide a measure of sufficiency/adequacy of safety provisions
embedded in the design of a nuclear installation and its
operational process
 INSAG Quantitative Safety Goals
 Existing NPPs

– Severe core damage frequency < 10-4/Reactor-Year
– Large off-site release frequency < 10-5/Reactor-Year
 Future NPPs
– Severe core damage frequency < 10-5/Reactor-Year
– Practical elimination of accident sequences that could lead
to large early radioactive release (< 10-5/Reactor-Year in
INSAG-3)
Korea Institute of Nuclear Safety
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Concepts of Safety Margin
□ differences in physical units between the established safety limits/criteria of
assigned parameters associated with failures or changes of a system or
component or with a phenomenon under consideration, and the calculated
values of those parameters.
□ Safety limits may be the limiting value used in the design or established for
plant operation. Safety limits are specified in the Technical Specifications for a
NPP, which shall not be exceeded during normal operations including
anticipated operational occurrences.

Source: Zimmerman (PSI, Switzerland), June 2006
Korea Institute of Nuclear Safety
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Application of Deterministic Safety Analysis
 Design of nuclear power plants by the designer or verification of the
design by operating organization.
 Safety analysis for licensing purposes (for regulatory authorizations),
including regulatory authorizations for different stages for a new plant
or for design modifications of an existing plant
 Updating of safety analyses in the context of a periodic safety review
to provide assurance that the original assessments and conclusions
are still valid.
 Independent verification of safety analysis by the regulatory body

 Analysis of operational events or of combinations of such
events with other hypothetical faults (analysis of near misses).
 Development and maintenance of emergency operating procedures
and severe accident management
-29-
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III. Overview of Safety Analysis
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1. Classification of Initiating Events

2. Overview of Deterministic Analysis
3. Typical Safety Criteria for DBAs

4. Accident Analysis Codes
5. LOCA and Non-LOCA Analysis
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Design of Nuclear Power Plant

Korea Institute of Nuclear Safety
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Procedure for Safety Analysis

 Identify & categorize initiating events
 Establish acceptance criteria
 Establish analysis methods & codes
 Perform analysis
 Compare results with relevant acceptance
criteria

-34-
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Basic Steps in the Accident Analysis Procedure

Req’ts
Data

Modifications

Modifications,
tuning

Data for V&V

Plant data
collection

Database
development

Development of
engineering handbook

Requirements

Specification of the facility;
Specification of objectives & scope of accident analysis
Selection of
approach
Selection of
computer codes

Development of
methodology

Develop. of plant model
V&V of plant model
Prep. of scenario
Mod. of plant model

Definition of physical models
Initial & boundary conditions

Execution of calculations
Checking of results

Acceptance criteria
Presentation of results

Korea Institute of Nuclear Safety
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1. Classification of Initiating Events
 Increase in heat removal by the secondary side
 Decrease in heat removal by the secondary side
 Decrease in flow rate in the reactor coolant system
 Increase in flow rate in the reactor coolant system
 Anomalies in distribution of reactivity and power

 Increase in reactor coolant inventory
 Decrease in reactor coolant inventory
 Radioactive release from a subsystem or component
Fundamental Safety Functions
 Control of Reactivity
 Removal of heat from the nuclear fuel
 Confinement of radioactive materials
Korea Institute of Nuclear Safety
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Examples of Initiating Events
 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 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
Korea Institute of Nuclear Safety
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 Reactivity and Power Distribution Anomalies
• Uncontrolled Control Element Assembly Withdrawal
from a Subcritical or Low-Power Startup Condition
• Uncontrolled Control Element Assembly Withdrawal at
Power
• Control Element Assembly Misoperation
• Startup of an Inactive Reactor Coolant Pump
• 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

Korea Institute of Nuclear Safety
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 Decrease in Reactor Coolant Inventory
• Inadvertent opening of a pressurizer pressure relief valve
• Failure of small lines carrying primary coolant outside the
containment
• Steam generator tube failure
• Loss-of-coolant accidents (LOCAs) resulting from a
spectrum of postulated piping breaks within the reactor
coolant pressure boundary (RCPB)

Korea Institute of Nuclear Safety
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Grouping by Frequency of Occurrences (IAEA)
Occurrence
(per RY)
10-2 ~ 1
(Expected during
plant life)
10-4 ~ 10-2
(Chance greater
than 1% over the
plant life)

Characteristics

Terminology

Anticipated transients;
Anticipated
transients; frequent faults;
Expected operational
incident of moderate freq.;
occurrences
upset/ abnormal cond.

Acceptance Criteria
No additional fuel
damage

Possible

Design
Basis
Accidents
(DBAs)

Infrequent incidents;
infrequent faults;
limiting faults;
emergency conditions

No radiological impact
at all or no radiological
impact outside the
exclusion area

10-6 ~ 10-4
(Chance less than
1% over the plant
life)

Unlikely

Beyond
Design
Basis
Accidents
(BDBAs)

Faulted conditions

Radiological
consequences outside
exclusion area within
limits

< 10-6
(Very unlikely to
occur during
plant life)

Remote

Severe
Accidents

Faulted conditions

Emergency response
needed

40

Event Classification in USA/KOREA

Freq. per
RY

ANS
ANSI/ANS-51.1
(1983)

Normal
Operation

USNRC
ANS N18.2
(1973)

GR 1.70
(Rev. 2)

Plant Condition 1
(PC-1)

Condition I

Normal operation &
operational transients

> 10-1

Plant Condition 2
(PC-2)

Condition II

Incidents of moderate
frequency

10-2 ~ 10-1

Plant Condition 3
(PC-3)

Condition III

Infrequent incidents

10-4 ~ 10-2

Plant Condition 4
(PC-4)

10-6 ~ 10-4

Plant Condition 5
(PC-5)

Condition IV

Limiting faults

< 10-6

Not considered

10 CFR
Normal operation
Anticipated
operational
occurrences (AOOs)

Accidents

41

2. Overview of Deterministic Analysis
 Major Steps in Deterministic Analysis
 Identification & categorization of events considered in the design basis
 Analysis of enveloping scenarios
 Evaluation of consequences and comparison with acceptance criteria

 Approaches
 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.) PCTallowable > PCTBE + PCTuncert. > PCTactual > PCTBE - PCTuncert.
Korea Institute of Nuclear Safety
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Terminology [IAEA]
 Conservative model: a model that provides a pessimistic estimate for a
physical process in relation to a specific acceptance criterion
 Conservative code: a combination of all the models necessary to provide a
pessimistic bound to the processes relating to the specified acceptance
criteria
 Best estimate model: a model that provides a realistic estimate for a physical
process to the degree consistent with the currently available data and
knowledge of the phenomena concerned
 Best estimate code: a combination of the best estimate models necessary to
provide a realistic estimate of the overall response of the plant during an
accident. The BE code is free of deliberate pessimism and contains
sufficiently detailed models and correlations to describe the relevant
processes for the transients that the code is designed to model
 Conservative data: plant parameters, initial plant conditions and assumptions
about availability of equipment and accident sequences chosen to give a
pessimistic result, when used in a safety analysis code, in relation to a
specified acceptance criteria
 Realistic data: plant parameters, initial plant conditions and assumptions
about availability of equipment and accident sequences chosen to give a
realistic (also ‘as designed’, ‘as built’, ‘as operated’) result
 Bounding data: data to provide conservative results, usually used for nuclear
data that change from cycle to cycle or within a cycle
Korea Institute of Nuclear Safety

43

-44-

Korea Institute of Nuclear Safety

Systematic Evaluation

Assumptions

Fuel Behavior

Fuel Centerline Temp.,
Enthalpy, etc

Core Thermal-hydraulic
Analysis

DNBR

Core Neutronic Analysis

MTC, DTC, Reactivity,
Power(t), etc

System Thermal-hydraulic
Analysis

Max Pressure, PCT, M/E
Release, etc

Containment Analysis

Containment P, T

Radiological Consequence
Analysis

Dose at EAB, LPZ,
Control Room

Modeling

-45-
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□ Initiating Events
Limiting initial events and comparison with non-limiting one

(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

-46-
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□ Event Evaluation
• Identification of Causes and Frequency Classification
• 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 isolation signal, containment isolation, operator
action credited, etc)
– Extent to which normal operating plant I&C assumed and reactor
protection system required
– Credited operation of engineered safety systems
– Use only safety-related system
-47-
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Parameters
• 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
-48-
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• 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
-49-
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Mitigating Systems
• Reactor protection system

• Safety injection system
• Auxiliary feedwater system

• Overpressure protection system
• Main steam/feedwater isolation system

• Emergency diesel generators
• Reactor containment system

-50-
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□ Protective Actions and Safety Systems Actions
– Inclusion of the most limiting single failure
– Limiting delay time for protection safety system function used
(calibration error, drift, instrumentation error, etc)

□ Single Failure Criterion
- A failure which results in the loss of capability of a
component to perform its intended safety function(s),
and any consequential failure(s) which result from it.
– Redundancy in safety system is essential to minimize the
possibility of loss of the safety function
– Single Failure is assumed in accident analysis
– One control rod with maximum worth is assumed to be stuck
out of the reactor core, in spite of reactor trip signal
-51-

Korea Institute of Nuclear Safety

□ Subsequent loss of offsite power
• Results from an electrical grid failure, due to electrical
perturbation given to the grid following trip of generator
– Reactor trip  turbine/generator trip  instability in electric grid
 loss of electric grid  loss of offsite power  RCP stops

• Flow rate through reactor core drops down to natural
circulation mode
• Reactor coolant pumps coast down with the help of
flywheel
• Delay time between trip of generator and loss of offsite
power is a crucial factor
• Additional margin to fuel rod integrity and peak RCS
pressure
-52-
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□ Operator action
• Operators shall be well trained, however, shall not be
considered to be perfect, due to human error
• 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)

-53-
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3. Typical Safety Criteria for DBAs
□ Acceptance Criteria
•
•

•
•
•

Defined as limits and conditions set by a regulatory body to
achieve an adequate level of safety
The individual/collective doses to workers and the public are
required to be within prescribed limits and as low as reasonably
achievable in all operational states by mitigating the radiological
consequences of any accident
The integrity of barriers against the release of radioactive material
(fuel itself, fuel cladding, primary/secondary reactor coolant system,
containment) should be maintained, depending on the plant states
The capabilities of systems and operators intended to perform a
safety function, directly or indirectly, should be ensured for the
accidents for which safety function is required.
In some designs, it is required that early large releases of
radioactive material be practically excluded

Korea Institute of Nuclear Safety
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• Acceptance criteria should be established for the entire
range of operational states and accident conditions.
• Acceptance criteria may be related to the frequency of
the event. Events that occur frequently, such as
anticipated operational occurrences, should have
acceptance criteria that are more restrictive than those
for less frequent events such as design basis accidents.
• Acceptance criteria should be set in terms of the
variable or variables that directly govern the physical
processes that challenge the integrity of a barrier.
Surrogate variables can also be used as acceptance
criterion that, if not exceeded, will ensure the integrity of
the barrier (PCT, DNBR, Pellet Enthalpy Rise, etc.)
• Compliance with the single failure criterion should be
evaluated for each safety system in the plant
Korea Institute of Nuclear Safety
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Plant Conditions & Acceptance Criteria (USA, Korea)
Category
Name

Condition I
Normal operation
& operational
transients

Condition II
Incidents of
moderate
frequency

Expected

Once per
reactor year

Expected
Frequency

Condition III

Condition IV

Infrequent incidents

Limiting faults

Less than once during
plant life

Not expected
during plant life



Typical
Acceptance
Criteria




Prevention of fuel failure (by
avoiding CHF
Pmax < 1.1 Pdesign





Normal power
operation
Example for
• Start-up
PWRs
• Shutdown
• Refueling
•

Decrease in
feedwater flow
• Loss of offsite
power
• Turbine trip
• Partial loss of
coolant flow
•

•
•
•

Prevention of severe
core damage
Continuous cooling
Radioactive release
< 10% of 10CFR100
Pmax < 1.1 Pdesign

Total loss of coolant
flow
Very small loss of
coolant
Small break in steam
line






•
•
•

Continuous
cooling
Radioactive
release
< 10CFR100
Separate criteria
for LOCA

LOCA
MSLB
MFLB
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4. Accident Analysis Codes
 Computer Codes for Deterministic DBA Analysis
 Reactor physics codes

 Fuel behavior codes
 Thermal-hydraulic codes
– System codes
– Subchannel codes
– Porous media codes
– Computational fluid dynamics codes
 Containment analysis codes
 Structural analysis codes
Korea Institute of Nuclear Safety
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Thermal-Hydraulic System Codes (1)
 Mainly developed for analysis of loss-of-coolant accidents

 Conservative vs. Best-Estimate Codes
– Conservative code: conservative models & assumptions based
on Evaluation Models (e.g. Appendix K of 10 CFR 50),
fast/simple calculation
– BE code: realistic & detailed modeling, uncertainty
quantification
 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 modeling; partial implementation of 3-D modeling
– Code validation with SET and IET data bases

Korea Institute of Nuclear Safety
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Thermal-Hydraulic System Codes (2)
Name

Developer

Governing Eq.

Numerical Methods

T/H Dimension

TRAC-PF1

USNRC

2C, 2M, 2E(*)

SETs

1D, 2D, 3D
Catesian, Cylinder

TRAC-M

USNRC

2C, 2M, 2E

SETs, Semi-implicit

1D, 2D, 3D
Catesian, Cylinder

RELAP5/MOD3

USNRC

2C, 2M, 2E

Semi-impicit

1D

RELAP5-3D

USDOE, INEEL

2C, 2M, 2E

Semi-implicit
Two-step nearly implicit

1D, 2D, 3D
Catesian, Cylinder

COBRA-TF

PNL, USA

3C, 3M, 2E

Semi-implicit

3D Component
Subchannel

RETRAN-03

EPRI, USA

2C, 1M, 2E

fully implicit

1D

CATHARE

CEA, France

2C, 2M, 2E

fully implicit(0D,1D)
semi-implicit(3D)

0D,1D,2D,3D

ATHLET

GRS, Germany

2C, 1M, 2E
2M for DC

fully implicit
semi-implicit

1D,
2D, 3D (FLUBOX)

MARS

KAERI

2C, 2M, 2E

fully implicit
semi-implicit

1D, 2D, 3D
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Thermal-Hydraulic System Codes (3)
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Containment Analysis Codes
Code

CONTAIN

Country

USA

Type

T/H Dimension

Lumped parameter

Thermal hydraulics,
Hydrogen burning,
Aerosol models

Lumped parameter

Thermal hydraulics,
Hydrogen burning,
Aerosol models

COCOSYS

Germany

GOTHIC

USA/
Germany

Lumped parameter

Thermal hydraulics,
Hydrogen distribution &
reduction

WAVCO

Germany

Lumped parameter &
3D CFD versions

Thermal hydraulics,
Pressure differences

CONTEMPT-LT

USA

Lumped parameter

Thermal hydraulics
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Other Codes
 Reactor Physics Codes: WIMS, CASMO, HELIOS, DYN3D, KIKO
3D, HEXTRAN, COCCINELLE, MASTER, . . .
 Fuel Behavior Codes: FRAPCON, FRAPT-T6,
TRANSURANUS, . . .
 Structural Analysis Codes: ABAQUS, ANSYS, NASTRAN,
COSMOS/M, . . .

 Mechanistic Severe Accident Codes: SCDAP/RELAP5,
CATHARE/ICARE, ATHELET-CD, RELAP/SCDAPSIM, IMPACT
 Parametric Severe Accident Codes: MAAP, MELCOR, ESCADRE,
THALES, MIDAS, . . .
 Subchannel Analysis Codes: COBRA-3, COBRA-IV, THINC,
VIPER, MATRA, . . .
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Verification and Validation of Codes
1) Code verification
 To ensure that the code design conforms to and are
appropriately implemented in accordance with the design
requirements
- the numerical methods
- transformation of the equations into a numerical
scheme
- user options are appropriately implemented in
accordance with the design requirements
 To include a review of the design concept, basic logic, flow
diagrams, numerical methods, algorithms and
computational environment
 Checklists to be provided for review and inspection
 To demonstrate that it conforms to programming and
language standards, and its logic is consistent with design
specification
-63-

Korea Institute of Nuclear Safety

2) Code Validation
 To provide confidence in the code ability to predict
safety parameter
- quantify the code accuracy
 To be performed in two phases
- 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 range of validity and the limitations of a code
as a result of validation
 The results of a validation to be used to determine
the uncertainty of the code
-64-
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5. LOCA and Non-LOCA Analysis
1) Non-LOCA Analysis: Introduction
 Most Non-LOCA Scenarios Belong to Condition II (or III)
 Some Non-LOCA Scenarios Belong to Condition IV
 Acceptance Criteria Depend on Accident Frequencies
– Max. pressure < 110% (120% for some case) of design pressure
– Radioactive release < negligible, 10% or 100% of 10 CFR 100 limits
– Prevention of CHF for Condition II events
– Additional criteria according to PIEs
 Analysis Codes
– Reactor physics (or neutronics) code for power calculation
– System analysis code for calculation of pressure, temperature & flow
– Subchannel analysis code for CHFR (DNBR) calculation
– Other codes for radioactive releases, fuel behavior, etc.
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 Concept of CHFR Analysis
 Critical Heat Flux (CHF)
– A sharp reduction of boiling heat transfer coefficient due to the
replacement of liquid by vapor near the heat transfer surface
– The CHF usually accompany a sharp increase of surface temperature
 The CHF on fuel rod surface may result in fuel failure

 Critical Heat Flux Ratio (CHFR) or DNBR
– CHFR (or DNBR) = [CHF]calculated / [Actual Heat Flux]estimated
– Uncertainties in the estimation of both CHF and actual heat flux
– Safety requirement: Minimum CHFR > CHFRlimit
– CHFRlimit is determined to assure that the probability of CHF nonoccurrence is above 95% at 95% confidence level (95/95 limit)

– Assume the failure of fuel rods when Minimum CHFR > CHFRlimit
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2) Analysis Methods for LOCA
 Accident Scenarios

– Selection of conservative scenarios through sensitivity analysis
– Large-break loss-of-coolant accident (LBLOCA) and Smallbreak loss-of-coolant accident (SBLOCA)

 Conservative Analysis – Evaluation Model (EM)
– 10 CFR 50, Appendix K: ECCS Evaluation Models
– Simple but conservative analysis codes

– Conservative assumptions (I.C., B.C., plant parameters, etc.)
 Realistic Analysis – Best-Estimate
– Regulatory Guide 1.157: Best-Estimate Calculations of
Emergency Core Cooling System Performance
– BE codes with detailed models such as RELAP5, TRAC,
CATHARE, . . .

– Various uncertainty quantification methods
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ECCS Acceptance Criteria: 10 CFR 50.46
 Peak Cladding Temperature (PCT). The calculated maximum fuel
element cladding temperature shall not exceed 2200ºF.
 Maximum Cladding Oxidation. The calculated total oxidation of the
cladding shall nowhere exceed 0.17 times the total cladding thickness
before oxidation.
 Maximum Hydrogen Generation. The calculated total amount of hydrogen
generated from the chemical reaction of the cladding with water or steam
shall not exceed 0.01 times the hypothetical amount that would be
generated if all of the metal in the cladding cylinders surrounding the fuel,
excluding the cladding surrounding the plenum volume, were to react.
 Coolable Geometry. Calculated changes in core geometry shall be such
that the core remains amenable to cooling.
 Long-term Cooling. After any calculated successful initial operation of the
ECCS, the calculated core temperature shall be maintained at an
acceptably low value and decay heat shall be removed for the extended
period of time required by the long-lived radioactivity remaining in the
core.
Korea Institute of Nuclear Safety
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LOCA Evaluation Model
• Conservative Evaluation Model
– Conformance with 10 CFR 50, Appendix K ECCS EM
– Required Model Should Be Used

• Best Estimate Model (Reg. Guide 1.157)
– BE analysis with uncertainty evaluation
– Show the acceptance criteria are met considering the
calculational uncertainty in High level of probability

-69-
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LOCA Phenomena
Core  Hot Leg  SG  Cold Leg 
Downcomer Core

Core  Downcomer/Hot Leg  Cold
Leg/Hot Leg  Break

Downcomer

Normal Operation

After LOCA
-70-

LB LOCA Sequence of Event
• Blowdown Phase
– Discharge of Coolant through Break (0 ~ 25 ~ 30sec)

• Refill Phase
– From End of Blowdown 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

-71-
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PWR Large Break LOCA

Cladding Temperature and Pressure Difference
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Important Phenomena during Blowdown Phase
• Break Flow (Chocked Flow)
• Core Nucleate Boiling, Flashing dye to rapid
depressurization
• Void Formation, Negative reactivity, Critical Heat Flux
• Reactor Trip, RCP Trip by loss of offsite power, Safety
Injection Signal
• Cladding Temperature Peak by depletion of coolant after
CHF (Bolwdown- PCT)

-73-
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Important Phenomena during Refill Phase
• ECCS Bypass to Break (Large portion of SIT water
bypassed)

• Lower Plenum and part of Downcomer Flooded by
ECCS Water
• Bottom of Core Recovered  Beginning of Reflood

-74-

Korea Institute of Nuclear Safety

Important Phenomena during Reflood Phase
• Core flooded by the continuous SIT injection
• Complex Flow Regimes and Heat Transfer phenomena in
the core due to interaction of the coolant with hot fuel clad
• Entrainment/De-entrainment by two-phase flow in core and
upper plenum

• Two-phase flow at hot leg, heated and vaporized by the
heat from the SG secondary side and Steam Binding to
increase pressure at the core and to suppress the core
quenching, flow oscillation
• PCT (Reflood-PCT) occurrence and quenching by the
continuous SIP injection (SIT exhaust)
-75-
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Long-Term Cooling Phase

• After Core Quenching, to remove the core decay heat
and maintain the core at low temperature, water
continuously provided by SIP
• Borated water of high concentration may be
precipitated at the core  Simultaneous injection to
hot leg and cold leg to prevent boron precipitation
• Switchover of water source from RWT to
Containment recirculation sump
• Long term cooling via Heat Exchangers of Shutdown
Cooling System or Containment Spray System
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Summary of LOCA
• LOCA is an accident in which reactor coolant is lost
by the rupture of primary coolant system pressure
boundary
• Loss of coolant results in decreased heat removal
from the reactor and overheating of the fuel leads to
fuel failure
• Radioactive fission product can be released from
fuel to coolant and then into the containment
through the broken pipe
• Radioactive material can be leaked out from
containment to the outside of reactor resulting
radiation exposure to the public
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Always we keep watching
our Atomic Power

