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Term
10 CFR
ABWR
ADS
AEC
ANS
ANSI
AOO
APRM
ARI
ASD
ASME
AST
ASTM
AT
ATLM
ATWS
BOP
BPV
BWR
BWROG
C&l
CBHVAC
CFR
CMU
CPR
CR
CRD
DBA
DBE
DCIS
DG
DPS
DPV
DW
EBAS
ECCS
EOC
EOC
ESF
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Global Abbreviations And Acronyms List

Definition
Title 10, Code of Federal Regulations
Advanced Boiling Water Reactor
Automatic Depressurization System
Atomic Energy Commission
American Nuclear Society

American National Standards Institute
Anticipated Operational Occurrence
Average Power Range Monitor
Alternate Rod Insertion

Adjustable Speed Drive

American Society of Mechanical Engineers
Alternate Source Term

American Society of Testing Methods
Unit Auxiliary Transformer
Automated Thermal Limit Monitor
Anticipated Transients Without Scram
Balance of Plant

Bypass Valve

Boiling Water Reactor

Boiling Water Reactor Owners Group
Control and Instrumentation

Control Building HVAC

Code of Federal Regulations

Control Room Multiplexing Unit
Critical Power Ratio

Control Rod

Control Rod Drive

Design Basis Accident

Design Basis Event

Distributed Control and Information System
Diesel-Generator

Diverse Protection System
Depressurization Valve

Drywell

Emergency Breathing Air System
Emergency Core Cooling System
Emergency Operations Center

End of Cycle

Engineered Safety Feature
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Term
FAPCS
FATT
FB
FHA
FMEA
FTDC
FW
FWCS
GDC
GDCS
GE
GEEN
GENE
GWSR
HCU
HP
HP_CRD
HSSS
HVAC
HVS
HWS
HX
1&C
/0
IC
IC
ICD
ICS
IEEE
LCO
LD
LOCA
LOFW
LOOP
LP
LPCRD
LPRM
MCPR
MCR
MLHGR

26A6642BP Rev. 03

Definition
Fuel and Auxiliary Pools Cooling System
Fracture Appearance Transition Temperature
Fuel Building

Fire Hazards Analysis

Failure Modes and Effects Analysis
Fault-Tolerant Digital Controller
Feedwater

Feedwater Control System

General Design Criteria

Gravity-Driven Cooling System

General Electric Company

GE Energy Nuclear

GE Nuclear Energy

Ganged Withdrawal Sequence Restriction
Hydraulic Control Unit

High Pressure

High Pressure Control Rod Drive
Hardware/Software System Specification
Heating, Ventilation and Air Conditioning
High Velocity Separator

Hot Water System

Heat Exchanger

Instrumentation and Control

Input/Output

Ion Chamber

Isolation Condenser

Interface Control Diagram

Isolation Condenser System

Institute of Electrical and Electronic Engineers
Limiting Conditions for Operation

Logic Diagram

Loss-of-Coolant-Accident
Loss-of-feedwater

Loss of Offsite Power

Low Pressure

Locking Piston Control Rod Drive

Local Power Range Monitor

Minimum Critical Power Ratio

Main Control Room

Maximum Linear Heat Generation Rate
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Term
MS
MSIV
MSL
MSLB
MSLBA
MT
MTTR
NBR
NMS
NOV
NRC
NRHX
NSSS
OLMCPR
PAS
PCC
PCCS
PCT
PRA
PT
RB
RBS
RC&IS
RCPB
RCS
RDA
RFP
RG
RHX
RPS
RPV
RRPS
RWCU/SDC
RWE
SAR
S/P
SB&PC
SBO
SBWR
SCRRI
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Definition
Main Steam

Main Steam Isolation Valve

Main Steamline
Main Steamline Break
Main Steamline Break Accident

Main Transformer

Mean Time To Repair

Nuclear Boiler Rated

Neutron Monitoring System
Nitrogen Operated Valve

Nuclear Regulatory Commission
Non-Regenerative Heat Exchanger
Nuclear Steam Supply System
Operating Limit Minimum Critical Power Ratio
Plant Automation System

Passive Containment Cooling
Passive Containment Cooling System
Peak cladding temperature
Probabilistic Risk Assessment
Pressure Transmitter

Reactor Building

Rod Block Setpoint

Rod Control and Information System
Reactor Coolant Pressure Boundary
Reactor Coolant System

Rod Drop Accident

Reactor Feed Pump

Regulatory Guide

Regenerative Heat Exchanger
Reactor Protection System

Reactor Pressure Vessel

Reference Rod Pull Sequence
Reactor Water Cleanup/Shutdown Cooling
Rod Withdrawal Error

Safety Analysis Report

Suppression Pool

Steam Bypass and Pressure Control System
Station Blackout

Simplified Boiling Water Reactor
Selected Control Rod Run-in
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Term Definition
SDC Shutdown Cooling
SDS System Design Specification
SIL Service Information Letter
SIT Structural Integrity Test
SLC Standby Liquid Control
SRNM Startup Range Neutron Monitor
SRI Select Rod Insertion
SRP Standard Review Plan
SRV Safety Relief Valve
SSE Safe Shutdown Earthquake
TAF Top of Active Fuel
TBS Turbine Bypass System
TBV Turbine Bypass Valve
TGCS Turbine Generator Control System
TG Turbine Generator
TS Technical Specification(s)
TSV Turbine Stop Valve
USNRC United States Nuclear Regulatory Commission
VDU Video Display Unit
wWw Wetwell
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15. SAFETY ANALYSES

This chapter addresses all ESBWR plant safety analyses. The details of most of the safety
analyses are contained within this chapter, however, per the Regulatory Guide 1.70 format, some
safety analyses are addressed in detail in other DCD Tier 2 chapters (e.g. emergency core
cooling system [ECCS] performance is addressed within Section 6.3). For those safety analyses
not addressed in detail in Chapter 15, references are provided to their locations within Tier 2.

15.0 ANALYTICAL APPROACH

In this chapter, the effects of anticipated process disturbances and postulated component failures
are examined to determine their consequences and to evaluate plant capabilities to control or
accommodate such failures and events. System response analyses are based upon the core
loading shown in Figure 4.3-1, and is used to identify the limiting events for the ESBWR. Other
fuel designs and core loading patterns, developed in compliance with Appendix 4B, similar to
the one shown in Figure 4.3-1, do not significantly affect the sensitivities demonstrated by this
study. Evaluation of these limiting events for each plant fuel cycle ensures that the criteria in
Appendix 4B.5 are met.

GE has developed a unique systematic approach to plant safety consistent with the GE boiling
water reactor (BWR) technology base. The key to the GE approach to plant safety is the
Section 15.1 Nuclear Safety Operational Analysis (NSOA). A NSOA is a system level
qualitative failure modes and effects analysis (FMEA) of plant protective functions to show
compliance with the events addressed in Chapter 15. Key inputs into the NSOA are derived from
the applicable regulations, through industry codes and standards, and the plant safety analyses.

In Section 15.1, all unacceptable safety results and all required safety actions are identified. In
addition, an evaluation of the entire spectrum of events is consistently carried out for the
ESBWR to demonstrate that a consistent level of safety has been attained.

The NSOA acceptance criteria are based on the Title 10 of the Code of Federal Regulations
(10 CFR regulations) and the NUREG-0800 Standard Review Plan (SRP) acceptance criteria.

The starting point for the NSOA is the regulatory acceptance criteria and design code allowables
such that the acceptability of safety analysis results can be determined. This concept enables the
results of any safety analysis to be compared to applicable criteria. Unacceptable safety results
represent an extension of the nuclear design criteria for plant systems and components that are
used as the basis for system design. The unacceptable safety results have been selected so that
they are consistent with applicable regulations and industry codes and standards.

The focal point of the NSOA is the event analysis, in which all safety-related protection
sequences are evaluated until all required safety actions are successfully completed. The event
analysis identifies all required front-line safety systems and their safety-related auxiliaries.

The full spectrum of initial conditions limited by the constraints placed on planned operation is
evaluated. All events are analyzed until a stable condition is obtained. This ensures that the
event being evaluated does not have an unevaluated long-term consideration.

In the event analysis, all safety-related systems, operator actions and limits to satisfy the required
safety actions are identified. Limits are derived only for those parameters continuously available
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to the operator. Credit for operator action is taken only when an operator can be reasonably
expected to perform the required action based on the information available to him.

In the NSOA, a complete and consistent set of safety actions (i.e., those required to prevent
unacceptable results) has been developed. For all of the events that are evaluated, a single-
failure-proof path to plant shutdown is identified. ~The application of the 10 CFR 50,
Appendix A single-failure criterion (SFC) to these events is imposed as an additional measure of
conservatism in the NSOA process.

15.0.1 Classification and Selection of Events

From Reference 15.0-1, the classification of events for the ESBWR is primarily based on the
classifications and terms used in the 10 CFR regulations because:

e The 10 CFR regulations have authority over all other document types;

e The SRP and Regulatory Guide (RG) 1.70 do not provide specific definitions for all
versions of abnormal event categories;

e The SRP and RG 1.70 do not use the same terminology for the non-accident abnormal
events, and thus, the non-accident abnormal event classifications within the SRP and
RG 1.70 could be misinterpreted,

e The non-accident abnormal event classification terms in the SRP and RG 1.70 are not the
same as the abnormal event classifications in the 10 CFR regulations;

e The 10 CFR regulations do specifically define an Anticipated Operational Occurrence
(AOO), Loss-of-Coolant Accident (LOCA), Anticipated Transient Without Scram
(ATWS), normal operation, design basis events, and a number of associated terms; and

e The use of terms is more consistent within the 10 CFR regulations than in the SRP or
RG 1.70.

The most recently certified BWR (i.e., the ABWR) licensing documents are used for additional
guidance.

The design basis events (DBEs) in the 10 CFR regulations assume an initiating event (and any
resultant failures) with or without a single active component failure or operator error. The
postulating of design basis events that assume a failure beyond the SFC or a common-mode
failure is not specifically required by the 10 CFR regulations. However, the 10 CFR regulations
do require evaluations of three specific event scenarios, i.e., Safe Shutdown Fire, Station
Blackout (SBO) and ATWS, and some of these event scenarios do assume failures beyond the
single failure criterion (SFC) and/or common-mode failures. Therefore, these events should not
be classified as DBEs. However, their safety analyses are included in the ESBWR DCD.

Based on Subsection 5.5.2, Item (3) of ANSI/ANS-58.14-1993, DBEs should have annual
probabilities > 10°. Therefore, any event with an annual probability of < 10 is not considered
credible, and thus, is not classified as a DBE.

The 10 CFR regulations, SRP and RG 1.70 postulate events that (for the ESBWR with its
advanced design features and additional redundancy) require failures beyond the SFC and/or
require common-mode failures. Those events are included in the ESBWR DCD, but not as
DBEs.
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Per the 10 CFR regulations, AOOs are expected to occur once in a plant’s lifetime, while
accidents are low probability events that are not expected to occur during a plant’s lifetime.
Because the ESBWR has a design life of 60 years, any abnormal event that has an annual
probability of occurrence = 1/60 could be classified as an AOO. However, historically, a value
of > 1/100 has been used.

Based on the 10 CFR regulations, the SRP or an NRC reviewed Licensing Topical Report
(LTR), the safety analysis acceptance criteria for each of the special events is developed on an
event-specific basis.

The 10 CFR regulations consistently refer to any failure of a fission product barrier that results in
an offsite radiological consequence as an accident.

15.0.1.1 Approach For Determining Event Classifications

(1) Per the 10 CFR regulations, the 10 CFR 50 App. A definitions, GDC, the 10 CFR 50.49
design basis event definition, SRP 6.1.1, SRP 15.0.1, RG 1.183 and guidance from events
addressed in the SRP;

Divide the types of events as DBEs, and by exclusion, all other events as special events,
b. Provide the basis for which events should be classified as AOOs,

c. Provide the basis for a (non-AOO and non-accident) event classification for events with
lower probabilities than AOOs, but for conservatism have historically not been treated
or classified as accidents, and

d. Generate the criterion for determining which type of accidents shall be classified as
design basis accidents (DBAs), and by exclusion, all other accidents are not DBAs.

(2) Per the regulatory definition of an AOO (event probability), historical information and
guidance from the SRP determine specific criteria for classifying events as AOOs.

(3) Based on (a) the 10 CFR regulations associating accidents with radiological consequences,
(b) application of SFC, (c¢) SRP and RG 1.70 guidance for the types of events that should be
addressed in Chapter 15, (d) SRP acceptance criteria for transient/AOO events that result in
fuel failure, and (e) historical consistently used terms, generate a classification term and
criteria for determining non-AOQO and non-accidents events, which (a) should be treated as
design basis events and (b) result from an initiating event with or without assuming a single
active component failure or single operator error. Include this new DBE term in the DBE
classifications.

(4) Based on the 10 CFR regulations, SRPs, RG 1.183 generate a definition for an accident.

(5) Based on (a) reviewing the 10 CFR regulations that have added other abnormal events (e.g.,
ATWS, SBO, Safe Shutdown Fire), (b) that DBEs do not include common-mode failures
and/or additional failure(s) beyond the SFC, (c) reviewing the SRP events that include
common-mode failures and/or failure(s) beyond the SFC, and (d) historically evaluated
non-DBE events and used associated classification terms, generate classification term for
non-DBEs that are addressed in the DCD Chapter 15.
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15.0.1.2 Results of Event Classification Determinations

Table 15.0-1 provides the results of the event classifications in the form of a determination
criterion vs. event classification matrix. Table 15.0-1 is based on the results from the following
evaluation.

(1) a. Per 10 CFR 50.49, and the fact that the SRP treats all postulated abnormal initiating
events with or without assuming a single active component failure or single operator
error as if they are all design basis events, the following are classified as design basis
events:

e Normal operation, including AOOs;
e Infrequent events [see Item (3) for additional details];
e Accidents;
e External events; and
e Natural phenomena,
(1) b. AOOs, by definition, are classified as part of normal operations, do not have radiological
consequences (except if in combination with an additional single active component
failure or single operator error), have more restrictive acceptance criteria (e.g., GDC 10

or 10 CFR 20 vs. 10 CFR 50.34) than accidents, and thus, are not accidents and shall not
be treated as accidents.

(1) c. A classification term for events with lower probabilities than AOOs, but for conservatism
should be not treated as accidents should be provided.

(1) d. Except for AOOs, the 10 CFR regulations, SRP and RG 1.70 do not explicitly or
implicitly apply any quantitative event frequency criterion for defining any other
abnormal event classification. Therefore, event frequencies should not be used to
determine accident type event classifications.

SRP 6.1.1, SRP 15.0.1 and RG 1.183 are consistent in categorization of DBAs. A DBA
is an accident postulated and analyzed to confirm the adequacy of a plant engineered
safety feature.

By exclusion, all other accidents are not classified as DBAs.
(2) An AOQ is any abnormal event that has an event probability of = 1/100 per year.

(3) The other (non-AOO and non-DBA) postulated abnormal events are classified as
“infrequent events.” An infrequent event is defined as a DBE (with or without assuming a
single active component failure or single operator error) with probability of occurrence of
< 1/100 per year, and a radiological consequence less than an accident.

(4) The other (non-AOO and non-infrequent incident) DBEs should be classified as accidents
with DBAs as a subset. An accident is defined as a postulated DBE that is not expected to
occur during the lifetime of a plant, which equates to either an ASME Code Service Level C
or D incident, and results in radioactive material releases with calculated doses
comparable to (but not to exceed) the 10 CFR 50.34(a) exposures.
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(5) Historically, non-DBEs that are evaluated in BWR safety analysis reports or DCD have
been termed as “special events.” As no better term has been specified in a regulatory
document, it is judged reasonable to maintain that term in the ESBWR DCD.

Special events
a.  Are not included as design basis events in 10 CFR 50.49, and

i are postulated in the 10 CFR regulations to demonstrate some specified prevention,
coping or mitigation capabilities, without specifically requiring a radiological
evaluation, and/or

ii. include a common mode equipment failure or additional failure(s) beyond the SFC.

Note: Special events do not include severe accidents or other events that are only
evaluated as part of the plant PRA.

Because of the ESBWR’s advanced engineering and additional redundant features, some of the
abnormal events for earlier plants are classified differently for the ESBWR.
15.0.2 Abnormal Events To Be Evaluated

In selecting the AOOs to be analyzed as part of the plant safety analysis, the nuclear system
parameter variations listed below are considered possible initiating causes of challenges to the
fuel or the reactor coolant pressure boundary (RCPB).

e Decrease in Core Coolant Temperature
e Increase in Reactor Pressure
e Increase in Reactor Coolant Inventory
e Decrease in Reactor Coolant Inventory
The AOOs considered in the ESBWR safety analyses are listed in Table 15.0-2.

The parameter variations listed above include all the effects within the nuclear system (caused by
AOOs) that can challenge the integrity of the reactor fuel or RCPB. The variation of any one
parameter may cause a change in another parameter. However, for analysis purposes, challenges
to barrier integrity are evaluated by groups according to the parameter variation initiating the
plant challenge and which typically dominates the event response.

The potentially limiting AOOs are identified in Subsection 15.2.7.

The infrequent events considered in the ESBWR safety analyses are listed in Table 15.0-2, and
are discussed in detail in Section 15.3. These consist of reactivity, power and pressure anomalies
such as the Control Rod Withdrawal Error, the Loss of Feedwater Heating With Failure of
Selected Control Rod Run-In and Generator Load rejection with Total Turbine Bypass Failure.
The potentially limiting infrequent events are identified in Subsection 15.3.17..

The accidents considered in the ESBWR safety analyses are listed in Table 15.0-2.

The following accidents pose the most limiting challenge to plant design and radiological
exposure limits:

e Loss of Coolant Accident (LOCA) Inside Containment
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e Main Steamline Break Outside Containment
e Fuel Handling Accident

The LOCA is re-evaluated as part of the process for establishing the core operating limits for
new fuel types.

Each of the accidents listed in Table 15.0-2 is discussed in detail in Section 15.4.

The special events evaluated as part of the ESBWR safety analysis are listed in Table 15.0-2, and
discussed in detail in Section 15.5. The Main Steamline Isolation Valve (MSIV) Closure With
Flux Scram (Overpressure Protection) event is re-evaluated for each reload, to ensure that the
Reactor Coolant System Pressure Safety Limit in the Technical Specifications cannot be
exceeded by any Design Basis Event. Additional special events that require re-evaluation are
identified in Subsection 15.5.8.

15.0.3 Determination of Safety Analysis Acceptance Criteria

Where acceptance criteria are specified in the 10 CFR regulations, those criteria or their
equivalent SRP criteria shall be used. However, if an acceptance criterion in the SRP conflicts
with the associated acceptance criterion in a regulation, then the criterion specified in the
regulation is used. Where an acceptance criterion is not specified in the 10 CFR regulations,
then the criterion in the SRP is used. Where an acceptance criterion is not specified in
regulations and the SRP, then the criterion in the Reference 1 LTR shall be used.

A listing of the ESBWR abnormal events and their event classifications and relevant SRP section
is provided in Table 15.0-2. Table 15.0-2 is subject to change due to future probabilistic
analyses or regulatory considerations, and thus, may be revised in the future.

15.0.3.1 Anticipated Operational Occurrences

For AOOs, the GDC 10 acceptance criterion is that “The reactor core and associated coolant,
control, and protection systems shall be designed with appropriate margin to assure that specified
acceptable fuel design limits are not exceeded during any condition of normal operation,
including the effects of anticipated operational occurrences.” To meet the intent of GDC 10,
SRP 15.1 and SRP 15.2, detailed acceptance criteria for AOOs both not in combination and in
combination with an additional single active component failure (SACF) or single operator error
(SOE) are provided. For an AOQO, which is not in combination with an additional SACF or SOE,
the SRP 15.1 and SRP 15.2 criterion is “Fuel cladding integrity shall be maintained by ensuring
that the minimum CPR remains above the MCPR safety limit for BWRs based on acceptable
correlations.” This is equivalent to the fuel cladding integrity (greater than 99.9% of the fuel
rods in the core would be expected to avoid boiling transition) safety limit (SL) included in the
ESBWR Technical Specifications (TS).

For an AOO in combination with an additional SACF or SOE, the SRP 15.1 and SRP 15.2
criterion is “fuel failure must be assumed for all rods for which the CPR falls below those values
cited above for cladding integrity unless it can be shown, based on an acceptable fuel damage
model that fewer failures occur. There shall be no loss of function of any fission product barrier
other than the fuel cladding.” However, the SRP does not provide a specific radiological
acceptance criterion, in the event that fuel cladding failures do occur. As AOOs are part of
normal operation, GDC 60 and 10 CFR 20 apply.
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The 10 CFR 20.1301(a)(1) 0.1 rem annual dose limit combined with (i.e., subtracting) the
10 CFR 20.1302(b)(2)(ii) 0.05 rem annual limit (for normal airborne releases) is the appropriate
radiological acceptance limit for an AOO In Combination With An Additional SACF or SOE
(i.e., an AOO with an additional single failure). This position is conservatively based on an
assumption that an individual at the exclusion boundary annually receives 100% of the
10 CFR 20.1302(b)(2)(i1) 0.05 rem annual limit from normal operations (which is conservative,
when compared to the 10 CFR 50, Appendix I 10 millirad ALARA annual airborne gamma dose
guideline), and applying the 10 CFR 20.1301(a)(1) 0.1 rem annual dose limit. Therefore, the
radiological acceptance criterion for an AOO with a single failure should generically be (0.1 -
0.05) 0.05 rem total effective dose equivalent (TEDE).

For AOOs, the GDC 15 acceptance criterion is that “The reactor coolant system and associated
auxiliary, control, and protection systems shall be designed with sufficient margin to assure that
the design conditions of the reactor coolant pressure boundary are not exceeded during any
condition of normal operation, including anticipated operational occurrences.” The equivalent
criterion in SRP 15.1 and SRP 15.2 is “Pressure in the reactor coolant and main steam systems
should be maintained below 110% of the design values,” which corresponds to the ASME Code
Service Level B limit. However, for completeness the Reactor Coolant System Pressure Safety
Limit in the TS should be addressed.

The SRP provides an AOO related acceptance criterion that is not addressed in GDC 10 or 15,
which is “An incident of moderate frequency (i.e., an AOO) should not generate a more serious
plant condition without other faults occurring independently.”

Consistent with GDC 38, if an AOO involves Safety Relief Valve (SRV) or Depressurization
Valve (DPV) discharge, containment and suppression pool pressures and temperatures shall be
maintained below their design values.

Based on the above, Table 15.0-3 lists the DCD Chapter 15 safety analysis acceptance criteria
for AOO. Except for event-specific differences, Table 15.0-4 lists the DCD Chapter 15 safety
analysis acceptance criteria for AOOs in combination with an additional SACF or SOE. These
sets of acceptance criteria assume that all related safety analyses are performed with accepted
models.

15.0.3.2 Infrequent Events

The ESBWR is designed such that any infrequent event would not result in the reactor water
level dropping to below the top of the core (i.e., active fuel).

For a new plant, the 10 CFR regulations associate the consequences of postulated accidents with
the exposures in 10 CFR 50.34(a)(1). Infrequent events do not result in a larger consequence
than the least severe of the DBAs, and thus, their maximum radiological acceptance criteria
should be < 2.5 rem TEDE. However, if the SRP specifies a different or additional radiological
acceptance criterion (e.g., a 10 CFR 20 limit or a different TEDE value), then the SRP
acceptance criteria apply.

Based on the 10 CFR regulations and the SRP, GDC 19 is the only basis for the acceptance
criterion on control room doses for all non-AOO abnormal event evaluations, such as infrequent
events and accidents.
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Based on ASME code classification of events with their associated stress limits and historical
accepted criterion, infrequent events most closely correlate with ASME Code Service Level C
limits. Therefore, reactor coolant system pressure should be based on the ASME Code Service
Level C limit, which is conservatively interpreted to correspond to 120% of design pressure.

If an infrequent event results in an SRV/DPV discharge or fission product release to the
containment, then containment stresses (i.e., pressures and temperatures) should be limited such
that there is no loss of a containment barrier safety function, and thus, the containment must
remain within its design limits/values.

Except for event-specific differences, Table 15.0-5 provides a generic set of acceptance criteria
for infrequent event safety analyses.

15.0.3.3 Accidents

For a new plant, the 10 CFR regulations associate the consequences of postulated accidents with
the exposures in 10 CFR 50.34(a)(1). Non-DBA accidents should not result in a larger
consequence than the least severe of the DBAs, and thus, their radiological acceptance criteria
should usually be limited to 2.5 rem TEDE. However, (like infrequent events) if the applicable
SRP specifies a different or additional radiological acceptance criterion (e.g., a 10 CFR 20 limit
or a different TEDE value), then the SRP acceptance criterion applies.

Based on the 10 CFR regulations and the SRP, GDC 19 is the only basis for the acceptance
criterion on control room doses for all postulated accidents.

For the DBAs, the SRP 15.0.1 and RG 1.183 provide the consequence acceptance criteria of
2.5rem TEDE, 6.3 rem TEDE and 25 rem TEDE [equivalent to 10%, 25% and 100% of the
10 CFR 50.34(a)(1) exposures], depending on the specific DBA. For DBAs, which do not have
a consequence acceptance criterion specified in SRP 15.0.1 and/or RG 1.183, the smallest (i.e.,
2.5 rem TEDE) criterion is applied.

For any accident that involves emergency core cooling system (ECCS) activation, the
10 CFR 50.46(a)(3)(b) acceptance criteria apply, and thus, the calculated changes in core
geometry shall be such that the core remains amenable to cooling.

RG 1.70 classifies accidents as “limiting faults,” which can be correlated to different service
levels or design conditions in the applicable industry code, e.g., ASME Code Service Level C or
D. To ensure conservatism and minimize the number of acceptance condition options, for
DBAs, reactor coolant pressure boundary components shall be limited to ASME Code Service
Level C limits.

If an accident results in an SRV/DPV discharge or fission product release to the containment,
then containment stresses (i.e., pressures and temperatures) should be limited such that there is
no loss of a containment barrier safety function, and thus, the containment must remain within its
design limits/values.

The set of acceptance criteria for accident safety analyses is provided in Table 15.0-6.

Because radiological acceptance criteria vary for the different event scenarios, for each non-
AOO design basis event scenario applicable to an ESBWR, Table 15.0-7 provides radiological
acceptance criteria.
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15.0.3.4 Special Events

The acceptance criteria for each of the special event safety analyses is developed on an event-
specific basis, based on the coping, mitigation or acceptance criteria specified in the
10 CFR regulations, the SRP or an NRC reviewed LTR.

15.0.3.4.1 MSIV Closure With Flux Scram

For every fuel cycle, a MSIV Closure With Flux Scram analysis (commonly referred to as the
Overpressure Protection Analysis) is performed. With respect to the reactor coolant pressure
boundary (RCPB) pressure response, the event scenario is specifically chosen to bound all of the
design basis events.

The event requires/assumes:

e An operator error, multiple equipment failures or a common mode failure cause(s) the
MSIVs in all four main steamlines (MSLs) to simultaneously close;

e The two MSIV position switch circuits on three to six MSIVs fail, which causes the
MSIV position scram function to fail; and

e The reactor is shutdown by a high neutron flux scram trip.

The MSIV Closure With Flux Scram analysis demonstrates that the SRVs have adequate
pressure relief capacity to prevent the RCPB ASME Code Service Level B pressure limit(s) and
the Reactor Coolant System Pressure Safety Limit in the Technical Specifications from being
exceeded.

Therefore, this event only needs/has the following acceptance criteria:

e Pressures in the reactor coolant and main steam systems shall be maintained below 110%
of their design values (i.e., not exceed ASME Code Service Level B).

e The reactor steam dome pressure shall be maintained less than or equal to the Reactor
Coolant System Pressure Safety Limit in the Technical Specifications.

15.0.3.4.2 Shutdown Without Control Rods

Assuming all control rod insertion mechanisms fail, for every fuel cycle, cold shutdown core
k-effective (ker) calculations are performed at various cycle exposure points, to ensure that the
Standby Liquid Control (SLC) system can inject adequate (boron solution) negative reactivity
into the core to allow for cold shutdown. This analysis plus the normal control rod shutdown
margin calculations demonstrate compliance to GDC 26.

The Shutdown Without Control Rods event only needs/has the following acceptance criterion:
e Under the most reactive core conditions, ke shall be < 1.0.

15.0.3.4.3 Shutdown from Outside Main Control Room

A Shutdown from Outside Main Control Room safety analysis shall demonstrate that the plant
can achieve and maintain safe shutdown, assuming the reactor is scrammed by the operators
before they vacate the main control room.
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The ability to cope with a Shutdown from Outside Main Control Room event is based on
meeting the following acceptance criteria:

Adequate reactor coolant inventory is maintained such that reactor water level is
maintained above the core (i.e. top of active fuel);

Achieve and maintain the plant to those shutdown conditions specified in plant TS as Hot
Shutdown; and

If containment isolation is involved, containment and suppression pool pressures and
temperatures shall be maintained below their design values.

15.0.3.4.4 Anticipated Transient Without Scram (ATWS)

As documented in Reference 15.0-4, the generic BWR ATWS performance analysis acceptance
criteria are summarized below.

Pressures in the reactor coolant and main steam systems shall be maintained below
ASME Service Level C limit, which is conservatively interpreted to correspond to 120%
of design pressure.

Peak cladding temperature within the 10 CFR 50.46 limit of 2200°F.

Peak cladding oxidation within the requirements of 10 CFR 50.46.

Peak suppression pool temperature shall not exceed its design temperature.
Peak containment pressure shall not exceed containment design pressure.

15.0.3.4.5 Station Blackout (SBO)

An SBO safety analysis shall demonstrate that the plant can cope with the effects (i.e., with
minimum equipment available) of an SBO for the duration of the SBO. The ability to cope with
an SBO is based on meeting the following acceptance criteria.

Adequate reactor coolant inventory is maintained such that reactor water level is
maintained above the core (i.e. top of active fuel).

Achieve and maintain the plant to those shutdown conditions specified in plant Technical
Specifications as Hot Shutdown.

If containment isolation is involved, containment and suppression pool pressures and
temperatures shall be maintained below their design values.

15.0.3.4.6 Safe Shutdown Fire

The following acceptance criteria are derived from 10 CFR Part 50.48 and Appendix R.

Core subcriticality is achieved and maintained with adequate core shutdown margin, as
specified in the plant Technical Specifications.

Adequate reactor coolant inventory is maintained such that reactor water level is
maintained above the core (i.e., top of active fuel).

Hot shutdown conditions are achieved and maintained.
Cold shutdown conditions are achieved within 72 hours.

Cold shutdown conditions are maintained thereafter.
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e If containment isolation is involved, containment and suppression pool pressures and
temperatures shall be maintained below their design values.

e Safety-Related and Nonsafety-Related equipment may be used to meet the above criteria.

15.0.3.4.7 Waste Gas System Leak or Failure

Because the ESBWR Offgas System pressure boundary is designed to withstand dynamic
overpressure from potential hydrogen detonation of at least 17 times the normal system operating
pressure, a structural failure in the Offgas System is not a credible event. For the ESBWR, the
only plausible event scenario that could result in a waste gas release requires two independent
operator errors and an instrumentation isolation trip or (mechanical) isolation function failure to
occur, and would result in only the release of noble gases. The postulation of a Waste Gas
System Failure for the ESBWR goes beyond the 10 CFR 50 Appendix A single failure criterion,
and thus, it does not qualify as a design basis event. This conclusion is consistent with
SRP 15.7.1, which no longer requires this event to be analyzed within Chapter 15. Therefore,
the Waste Gas System Failure for the ESBWR is classified as a special event.

The radiological analysis acceptance criterion for Waste Gas System Failure has had a number of
different published values, as listed below.

The current NRC approved (1981) version of Branch Technical Position (BTP) ETSB 11-5 has a
10 CFR 20 based acceptance criteria of 0.5 rem total whole body exposure. However, ETSB 11-
5 does not state the specific paragraph within 10 CFR 20 from which the 0.5 rem value was
taken.

Draft Rev. 3 - April 1996 version of ETSB 11-5, applies “a small fraction of 10 CFR 100 limit”
(i.e., 2.5 rem total whole body) as the dose acceptance criterion.

Section 11.3.1 of the NRC FSER (Reference 15.0-5) for the AP1000 states “The BTP stipulates
that the total body dose at the exclusion area boundary (EAB), as a result of the release of
radioactivity for two hours from a postulated failure of the WGS, calculated in accordance with
BTP assumptions, should not exceed 0.5 rem.... The applicant calculated a 0- to 2-hour total
body dose within 0.5 rem, which satisties BTP ETSB 11-5. Based on the above, the staff finds
the analysis acceptable.”

In RAI 2 to Revision 1 of Reference 15.0-1, the NRC specified that the acceptance criterion is
0.1 rem TEDE, based on the 10 CFR 20.1301(a)(i), which states “ The total effective dose
equivalent to individual members of the public from the licensed operation does not exceed 0.1
rem (1 mSv) in a year.”

In their review of Reference 15.0-1, the NRC stated that the use of the annual average
atmospheric dispersion factor would be acceptable for a Waste Gas System Leak or Failure
analysis that uses the 0.1 rem TEDE acceptance criterion. GE accepted this NRC position.

15.0.3.4.8 Potential Special Events

The 10 CFR regulations and the SRP do not contain a generic set of safety analysis acceptance
criteria for special events. The safety analysis acceptance criteria for these events are on an
event-specific basis. It is expected that any (potential) future special event will also have event-
specific safety analysis acceptance criteria.
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15.0.4 Event Analysis Format

For each event, the following information is provided in Sections 15.2, 15.3, 15.4 and 15.5.

15.0.4.1 Identification of Causes

Situations that lead to the analyzed events are described in their associated event descriptions.
The frequency of occurrence of each event is summarized based upon the NSOA, currently
available operating plant history for the abnormal event, and the evaluations in Appendix 15A.
Events for which inconclusive data exist are discussed separately within each event section.
15.0.4.2 Sequence of Events and Systems Operations

Each event evaluated is discussed and evaluated in terms of:

e A step-by-step sequence of events from initiation to final stabilized condition.

e The extent to which normally operating plant instrumentation controls are assumed to
function.

e The extent to which the plant and reactor protection systems are required to function.

e The credit taken for the functioning of normally operating plant systems.

e The operation of engineered safety systems that is required.
Each event’s sequence of events is supported by the NSOA. The effect of a single equipment
failure or malfunction or an operator error on the event is shown in the NSOA.
15.0.4.3 Evaluation of Results

The results of the design basis events analyses are presented in Sections 15.2, 15.3 and 15.4. The
limiting events can be identified, based on those results. Reasons why the other events are not
limiting are given in the event documentation.

For the core loading in Figure 4.3-1, a representative MCPR operating limit is determined.
Results of the AOO analyses for individual plant-specific core loading patterns will differ
slightly from the results shown in this chapter. However, the relative results between core
associated events do not change. The MCPR operating limit, for the as-built initial core and each
reload core fuel loading pattern, will be provided by the COL Licensee to the USNRC for
information.

15.0.4.4 Barrier Performance
The significant areas of interest for internal pressure damage are the high-pressure portions of the
RCPB (i.e., the reactor vessel and the high pressure pipelines attached to the reactor vessel).

15.0.4.5 Radiological Consequences

This subsection describes the consequences of radioactivity releases for the core loading, during
DBEs. For all events whose consequences are limiting, a detailed quantitative evaluation is
presented. For non-limiting events, a qualitative evaluation is presented or results are referenced
from a more limiting or enveloping case or event.
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15.0.5 Single Failure Criterion

From 10 CFR 50, Appendix A: “A single failure means an occurrence which results in the loss
of capability of a component to perform its intended safety functions. Multiple failures resulting
from a single occurrence are considered to be a single failure. Fluid and electric systems are
considered to be designed against an assumed single failure if neither:

e A single failure of any active component (assuming passive components function
properly) nor

e A single failure of a passive component (assuming active components function properly),
results in a loss of the capability of the system to perform its safety function. Single
failures of passive components in electric systems should be assumed in designing
against a single failure.

The single failure criterion (SFC) requires the plant design to be capable of providing specific
functions during any design basis event (DBE) assuming a single failure in addition to the event
initiating occurrence and any other coincident failures specified in the required DBE analysis
assumptions. The application of the SFC to:

e The total plant is described in ANSI/ANS 58.14;
e Fluid systems are described in ANSI/ANS 58.9; and
e Electrical items are described in IEEE 379.

The IEEE criteria specify that electrical systems be designed to accommodate either a passive or
an active single failure. For fluid systems in DBE analyses, the SFC only applies to active
failures. The SFC is applicable to:

e Emergency core reactivity control (scram);

e Emergency core cooling;

e Reactor coolant pressure boundary isolation;

e Reactor coolant system pressure relief;

e Containment cooling;

e Containment isolation;

e Containment atmosphere clean up; and

e Their required supporting functions such as cooling water and electrical power.

Only one failure needs to be assumed per plant DBE, however, if a single occurrence can cause
multiple failures, these multiple failures are treated as a single failure.

This subsection describes the application of single failure relative to DBEs. Single failure is
defined in 10 CFR 50, Appendix A, and is specifically applied to multiple GDCs.

The treatment of plant capability evaluation events (i.e., special events) is consistent with their
specific event definitions that are typically beyond the safety design bases of the plant. As a
result, an additional single failure is not applied unless there is a specific licensing commitment.
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15.0.5.1 Single Failures as Event Initiators

The AOOs identified in the safety analysis are frequently associated with transients that result
from a single component failure or operator error, and are postulated during specific, applicable
mode(s) of normal plant operation. Operator error is usually only considered as an event
initiator.

Operator error is defined as a deviation from written operating procedures or operating practices.
An operator error includes action(s) that are a direct consequence of one operator's single
erroneous decision. An operator error does not include subsequent actions performed in
response to the initiating event that resulted from the initial operator error.

Operator errors include:
e Erroneous selection and withdrawal of a control rod or control rod group.

e The manual isolation of the main steam lines caused by operator misinterpretation of an
alarm or indicator.

15.0.5.2 Application of Single Failure Criterion to Event Analysis

The single-failure requirements for DBEs in the safety analysis and the NSOA are applied as
follows:

e For DBEs, the protection sequences within mitigation systems are to be single-
component-failure-proof. This position is in addition to any single-component failure or
single operator error that is assumed as the event initiator. The requirement for assuming
an additional single failure in the mitigation system adds a significant level of
conservatism to the safety analysis. However, the event acceptance limits for DBEs are
not changed by the application of an additional single-failure requirement.

e For AOO:s, it is not always necessary to assume a single failure in normal operating
systems in addition to the failure assumed as the event initiator. The basic logic for this
assumption is based upon the probability of occurrence of a double failure in normal
operating systems, which may be less than once per plant lifetime and exceeds the
probability of occurrence definition for AOOs in 10 CFR 50, Appendix A.

e For infrequent events and accidents, single failures are considered consistent with plant-
specific licensing commitments (e.g., valve malfunctions for LOCA).

e Multiple (consequential) failures from a single failure are considered part of the single
failure. Single failures are independently postulated in each operating unit or one failure
is postulated in the common systems.

e For mitigation systems included in the NSOA, single failures of active electrical and fluid
components, and passive electrical components are treated in the same manner in the
development of the event diagrams.

e During Technical Specifications surveillance testing or when complying with an Action,
while not meeting the associated Limiting Condition for Operation (LCO), applying the
SFC for affected components/systems is not required.
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The single failures identified above are considered in the design of the plant, as required by
specific GDC, and are utilized in the safety analysis of the specific events.
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Table 15.0-2
ESBWR Abnormal Event Classifications
Abnormal E.Vent . Relevant
Event Classification SRP(s)
Loss of Feedwater Heating AOO 15.1.1-4
Closure of One Turbine Control Valve AOO 15.2.1-5
Generator Load Rejection with Turbine Bypass AOO 152.1-5
Generator Load Rejection with a Single Failure in the AOO
; 152.1-5
Turbine Bypass System
Turbine Trip with Turbine Bypass AOO 15.2.1-5
Turbine Trip with a Single Failure in the Turbine Bypass AOO 152.1-5
System o
Closure of One Main Steamline Isolation Valve AOO 152.1-5
Closure of All Main Steamline Isolation Valves AOO 15.2.1-5
Loss of Condenser Vacuum AOO 15.2.1-5
Loss of Shutdown Cooling Function of RWCU/SDC AOO 152.1-5
Inadvertent Isolation Condenser Initiation AOO 15.1.1-4
Runout of One Feedwater Pump AOO 15.1.1-4
Opening of One Turbine Control or Bypass Valve AOO 15.1.1-4
Loss of Unit Auxiliary Transformer * AOO 15.2.6
Loss of Grid Connection * AOO 15.2.6
Loss of All Feedwater Flow AOO 15.2.7
Loss of Feedwater Heating With Failure of Selected
Control Rod Run-In Infrequent Event 15.1.1-4
Feedwater Controller Failure — Maximum Demand Infrequent Event 15.1.1-4
Pressure Regulator Failure - Opening of All Turbine Infrequent Event
15.1.1-4
Control and Bypass Valves
Pressure Regulator Failure — Closure of All Turbine Infrequent Event
15.1.1-4
Control and Bypass Valves
Generator Load Rejection with Total Turbine Bypass Infrequent Event 15.2.1-5
Failure o
Turbine Trip with Total Turbine Bypass Failure Infrequent Event 15.2.1-5
Control Rod Withdrawal Error During Refueling Infrequent Event 154.1
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ESBWR Abnormal Event Classifications

Abnormal Event Relevant

Event Classification SRP(s)
Control Rod Withdrawal Error During Startup Infrequent Event 154.1
Control Rod Withdrawal Error During Power Operation Infrequent Event 15.4.2
Fuel Assembly Loading Error, Mislocated Bundle Infrequent Event 15.4.7
Fuel Assembly Loading Error, Misoriented Bundle Infrequent Event 15.4.7
Inadvertent SDC Function Operation Infrequent Event 15.4.9
Inadvertent Opening of a Safety Relief Valve Infrequent Event 15.6.1
Inadvertent Opening of a Depressurization Valve Infrequent Event | 15.6.1, 15.6.5
Stuck Open Safety Relief Valve Infrequent Event 15.6.1
Liquid-Containing Tank Failure (COL Applicant scope) Infrequent Event 15.7.3
Fuel Handling Accident Accident 15.7.4
LOCA Inside Containment Accident 15.6.5 & 5a
Main Steamline Break Outside Containment Accident 15.6.4
Control Rod Drop Accident Accident 15.4.9
Feedwater Line Break Outside Containment Accident 15.3.5
Failurfe of Small Line Carrying Primary Coolant Outside Accident 15.6.2
Containment
RWCU/SDC System Line Failure Outside Containment Accident 15.6.4,15.6.5
Spent Fuel Cask Drop Accident Accident 15.7.5
MSIV Closure With Flux Scram (Overpressure Protection) Special Event 522
(Slh;ltchLwél ;)yvéf?&uﬁhii’éﬁﬂ%ﬁﬁbinty) Special Event 9:3.5
Shutdown from Outside Main Control Room Special Event 7.5
Anticipated Transients Without Scram Special Event 15.8
Station Blackout Special Event 8'21(31;(;)1{ G
Safe Shutdown Fire Special Event 9.5.1
Waste Gas System Leak or Failure Special Event 11.3

* Both covered by the Loss of Non-Emergency AC Power to Station Auxiliaries event.
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Table 15.0-3
Safety Analysis Acceptance Criteria for AOOs

e Pressures in the reactor coolant and main steam systems shall be maintained below 110%
of their design values (i.e., not exceed ASME Code Service Level B), and the reactor
steam dome pressure shall be maintained less than or equal to the Reactor Coolant
System Pressure Safety Limit in the Technical Specifications.

e Fuel-cladding integrity should be maintained by ensuring that the reactor core is designed
with appropriate margin during any conditions of normal operation, including the effects
of AOOs. The minimum value of the critical power ratio (CPR) reached during the AOO
should be such that 99.9 percent of the fuel rods in the core would not be expected to
experience boiling transition during core-wide transients. (This criterion corresponds to
the greater than 99.9% of the fuel rods in the core would be expected to avoid boiling
transition related safety limit in the Technical Specifications.)

e Uniform cladding strain < 1%.
e No fuel centerline melt.
e Reactor water level shall be maintained above the top of the core (i.e., active fuel).

e Containment and suppression pool pressures and temperatures shall be maintained below
their design values.

e An AOO should not generate a more serious plant condition unless other faults occur
independently.

e There is no loss of function of any fission product barrier (Safety Relief Valve or
Depressurization Valve discharge does not apply).

15.0-19



26A6642BP Rev. 03
ESBWR Design Control Document/Tier 2

Table 15.0-4
Safety Analysis Acceptance Criteria for AOOs In Combination With An Additional Single

Active Component Failure or Single Operator Error

e Reactor water level shall be maintained above the top of the core (i.e., active fuel).

e Pressures in the reactor coolant and main steam systems shall be maintained below 110%
of their design values (i.e, not exceed ASME Code Service Level B), and the reactor
steam dome pressure shall be maintained less than or equal to the Reactor Coolant
System Pressure Safety Limit in the Technical Specifications.

e If containment isolation is involved, containment and suppression pool pressures and
temperatures shall be maintained below their design values.

e Except for fuel cladding, there shall be no loss of function of any fission product barrier.

e Fuel cladding failures shall be limited such that the radiological consequence shall be
<0.05 rem TEDE.
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Table 15.0-5

Safety Analysis Acceptance Criteria for Infrequent Events

e Reactor water level shall be maintained above the top of the core (i.e., active fuel).

e Pressures in the reactor coolant and main steam systems shall be maintained below the
ASME Service Level C limit, which corresponds to 120% of design pressure.

e Radiological consequence shall be < 2.5 rem TEDE. However, if the applicable SRP
section specifies an accident-specific (i.e., different or additional) radiological acceptance
criterion, then the accident-specific SRP acceptance criterion/criteria is/are applied. *

e Containment and suppression pool pressures and temperatures shall be maintained below
their design values.

e Control room personnel shall not receive a radiation exposure in excess of 5 rem TEDE
for the duration of the event.

* For example, the liquid radwaste tank failure must meet 10 CFR 20, Table 2, Column 2 for
the liquid release.

15.0-21
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Table 15.0-6

Safety Analysis Acceptance Criteria for Accidents

e Pressures in the reactor coolant and main steam systems shall be maintained below the
ASME Service Level C limit, which corresponds to 120% of design pressure.

e Radiological consequence shall be <2.5 rem TEDE, 6.3 rem TEDE, or 25 rem TEDE,
depending on the accident-specific acceptance criterion in NUREG-0800, SRP 15.0.1.

e The calculated maximum fuel element cladding temperature shall not exceed 1204°C
(2200°F).

e The calculated total oxidation of the cladding shall nowhere exceed 0.17 times the total
cladding thickness before oxidation.

e 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.

e Calculated changes in core geometry shall be such that the core remains amenable to
cooling.

e 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.

e Containment and suppression pool pressures and temperatures shall be maintained below
their design values.

e Control room personnel shall not receive a radiation exposure in excess of 5 rem TEDE
for the duration of the accident.

15.0-22



eCc0¢SI

X X X X am[re,] Jue], Sutureiuo)-pmbry
amreq
X + X ssedAg ourqiny [e10], s duy suigqing,
ainjreq ssedAg
X + X ourqIn, (810, Yam uondofoy peo| I0jeIauan)
SOATEA ssedAg pue [onuo)) surqiny,
X + X [TV JO 2Inso[) — aInjre,] 10Je[n3oY 2INSSAIJ
SaA[eA ssedAq pue [onuo)) suiqiny
X + X IV 3o SutuadQ - aun[ie,] Jo1e[n3ay 2Inssald
puewaq
X + X WNWIXRJA — dIN[Te,] JO[[ONUO)) JOJeMPId,]
X + X OATeA JOI[Y A1ojes uad(Q yomg
X + X JATBA JOI[oY A19JeS ® Jo Suruad() JudlroApeu]
QA[BA
X + X uonezunssaido( & Jo Jutuad( JusioApeu]
uonerdd
X + X Iomod Surn(g I01rg [eMBIPYIAL POY [0HU0D
dmueig
X + X SuLn( IoLg [eMEBIPYIA POY [01IU0D)
Suronyoy
X + X Suun(g oL [eMBIPYIA POY [01U0)D)
X + X uoneradQ uonoun DS IUAIAPLU]
uf-uny poy [01U0)) Pajddos
X + X Jo anjre,] YA\ Suneoy 10)empas, Jo Sso]
Z uwnjo)
HAAL . ‘
HdAL HdAL CLUICAR wou ¢ 10€1°0¢ ¢o1qeL JUBPIIIY JudAY 2JUIAY
WL 7 WRICY | WAIGST ‘61 55 MAD 01 ‘q -ddy : juanbaayuy
07 d4D 01
235 BLIDILLD) due)dadoy [edIdojoIpey +%SSE[D JUIPINY

BLINLID) Due)dIdIY [8I130[0IpeY pue SUONBIYISSE]D JUIAT YMMISH
L-0"ST dlq¢eL

7 RILATWNIO( [01uU0)) usIsdq dMESH
€0 AN ddTPI9IVIT




ve-0'SI

‘JUOAD [e10adS B SB PAIJISSE]D)  ++

"S9sAJeuR [BOIS0[OIPEI JUSWUIRIUO)) JPISINQ Jedld SUI[WEI]S UIBJA] PUB JUSWIUIBIUO)) IPISU] YOOI 2yl Aq papunog +
"SI ddS pue SUONBINTAI YD O] AY) UO PASBY s

C-O0°CI 99 L WOL 4

*90uanbasuoo [eo130[01peI B SUIA[OAUI SJUIAD (€ 90UI0FY) YASA UMV PUt ST LIS Uo paseqg %

+ X ++ 2In[Ie,] 10 JBdT WAISAS SeD) Jsep
X + X JuepIooY Juljpuey [ong
(syred o3exeo [1e Surpnpour) ‘sisA[euy
X X X [eo130[01pEY JUsWUIRIUO)) APISU] VDO'T
X X X JUSWIUIRIUOY) SPISINQ) NI SUI[WE)S UIRIA
(s1sATeue [eO1S0[OIPRY)
X + X juap1ooy doi(g poy [04u0)
JUSWIUIBIUOY) SPISINQ 2IN[IB] WISAS
X + X 3urjoo) umopinyg ; dnuesy)) 1918 A\ 103108Y
X + X JUSWIUIRIUO)) APISINQ) NI SUIT I9JBMPID]
JUSWIUIRIUO)) SPISIN() JUB[00))
X + X Krewt1d Surire)) aury [[BWS JO 2In[Ie,|
X + X Juoprdy dox( yse) [ony juadg
(pojusLIOSIW pUB PAJROO[SIUL)
X + X SI0LI SuIpeoT A[qQUIdSSY [an,]
7 uwnjo)
HAAL . ‘
HdAL HdAL Jd4dL W ¢ 10€1°0¢ ¢lIqeL JUIPIIY JudAy 2JUIAY
W ST WAIC9 | WAIGT ‘61 DA MAD 01 ‘q ~ddy : juanbaayuy
07 44D 01
225 BLIDILID) 90uE)dad0y [eo1S0[0Ipey #xSSE[D JUIPINY

BLIAILLD) due)daddy [ed130[0Ipey pue sUoneIYIsse]) JUIAY YA ISH
L-0’ST dlqeL

7 RILATWNIO( [01uU0)) usIsdq dMESH
€0 AN ddTPI9IVIT




26A6642BP Rev. 03
ESBWR Design Control Document/Tier 2

15.1 NUCLEAR SAFETY OPERATIONAL ANALYSIS

The Nuclear Safety Operational Analysis (NSOA) is a system level qualitative failure modes and
effects analysis (FMEA) of plant protective functions that shows which systems and functions are
required for the events addressed in Chapter 15 to meet their associated acceptance criteria.

15.1.1 Analytical Approach

15.1.1.1 NSOA Objective

The objective of the NSOA is to identify, for each event in the Chapter 15 safety analyses, the
system level requirements that ensure the plant can be brought to a stable safe condition.
Specifically, the NSOA considers the entire duration of each event from the spectrum of possible
initial conditions and aftermath until either some mode of planned operation is resumed or the
plant is in a stable shutdown condition.

The NSOA process uses operational criteria and required actions to identify the required
systems, automatic instrument trips, monitored parameters (associated with required operator
actions), and auxiliary systems to bring the plant to a stable shutdown condition for each event.
The system-level requirements identified as required in the NSOA reflect the licensing basis of
the plant and constitute the minimum required actions to bring the plant to a stable shutdown
condition. In actual plant operation, additional procedural guidance and plant equipment are
available to prevent or further mitigate these events. Finally, the NSOA focuses primarily on
active plant features used to bring the plant to a stable shutdown condition; passive plant features
are implicitly considered but not explicitly documented in the event evaluations and diagrams.

15.1.1.2 NSOA Relationship to Safety Analysis

The safety analysis is performed to demonstrate compliance with appropriate event acceptance
criteria (Subsection 15.0.3) for limiting event paths. Review of the event acceptance criteria
illustrates the safety analysis focus on event consequences. The event acceptance criteria are
either fission product barrier design basis limits or radiological dose limits derived from
applicable regulatory requirements.

As such, the event paths analyzed as "limiting" in the safety analysis generally correspond to one
of the event paths for each event in the NSOA, or a conservative representation of one.

This safety analysis limiting-event path is selected to pose the most significant challenge to the
applicable event acceptance criteria, and thus, typically concentrates on the short-term response
to the event. Therefore, the safety analysis is consequences oriented, focusing on the limiting
short-term response to the event, and the NSOA is event/system oriented, focusing on the
system-level required actions necessary over the entire duration of the event (long-term
response) to bring the plant to a stable configuration.

15.1.2 Method of Analysis

15.1.2.1 Operational Criteria

The operational criteria are identified in Table 15.1-1.

15.1-1



26A6642BP Rev. 03
ESBWR Design Control Document/Tier 2

The operational criteria establish the requirements for:

e Satisfying the applicable required actions to bring the plant to a stable condition
consistent with the plant licensing basis;

e Applying the single failure criteria; and
e Satisfying requirements unique to certain events.

Operational criteria are based upon the applicable regulatory requirements and guidance,
industry codes and standards, plant-specific licensing requirements, nuclear steam supply system
(NSSS) requirements, and fuel supplier design requirements.

15.1.2.2 Analysis Assumptions and Initial Conditions

15.1.2.2.1 Operating Modes

The ESBWR operating modes, encompassing the entire operating envelope in which the plant
can exist, are defined in Table 15.1-2. These operating mode definitions are consistent with the
MODES defined in the Technical Specifications.

The main objective in defining operating modes is to divide the plant operating spectrum into
sets of initial conditions. The ESBWR operating modes associated with planned operations
define the operating envelope from which anticipated operational occurrences (AOOQs),
Infrequent Events, Accidents, and Special Events are initiated. ESBWR operating modes define
the physical condition (e.g., pressure, temperature) of the reactor. The events associated with
each operating mode are provided in Table 15.1-3.

Each operating mode includes an allowable range of values for important plant parameters.
Within each mode, these parameters are considered over their entire range.

For each event, the operating mode(s) in which the event can occur are determined. An event is
considered applicable within an operating mode if the event can be initiated from the operating
envelope that characterizes the operating mode.

15.1.2.2.2 Planned Operation

Planned operation refers to normal plant operation under planned conditions within the allowable
operating envelope in the absence of significant abnormalities. Following an event, planned
operation is not considered to have resumed until the plant operating mode is identical to a
planned operating mode that could have been attained had the event not occurred. As defined,
planned operation can be considered as a chronological sequence:

Plant outage > achieving criticality > heatup > power operation > achieving

shutdown > cooldown > plant outage

15.1.2.3 Event Analysis Rules

The event analysis rules are consistent with applicable regulatory requirements and guidance,
plant-specific licensing commitments, and applicable industry codes and standards. Table 15.1-4
provides the event analysis rules used in performing the NSOA, along with explanations of the
individual rules.

15.1-2
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15.1.3 NSOA Results

15.1.3.1 Event Evaluations and Diagrams

The individual event evaluations in conjunction with their respective event diagrams document
the detailed results of the NSOA. The event diagram format is shown in Figure 15.1-1. The
event evaluations are provided in Subsection 15.1.4 and the associated event diagrams are shown
in Figures 15.1-3 through 15.1-49.

An event diagram for each event evaluated identifies the applicable operating mode(s) (for the
overall event evaluation and, where applicable, for event paths that only apply to specific
operating modes), the required actions, the relationship of system operation and operator actions
to the required actions, and the required functional redundancy. In addition, event diagrams
identify each signal that initiates automatic system operation or alerts the operator to the need for
action.

15.1.3.2 Summary Matrices

A system, instrument trip, or operator action is considered "required" if identified on an event
diagram as necessary to satisfy a required action or the operational criteria.

Based upon the event evaluations and diagrams, matrices are provided in Table 15.1-5 and Table
15.1-6 to identify the required systems and automatic instrument trips, respectively for the events
evaluated in the NSOA and the safety analyses.

15.1.4 Event Evaluations

The events considered in the NSOA are shown in Table 15.1-7 along with the locations of the
event descriptions and the relevant protection sequence diagram.

15.1-3
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Table 15.1-1

Operational Criteria

Applicability

Criteria

1. Planned operation

The plant shall be operated observing
operating mode monitoring requirements
identified to preserve safety analysis
assumptions and establish initial conditions
for event analyses. Normal plant operating
procedures are followed as applicable.

2. All events

All required actions to bring the plant to a
stable condition consistent with the plant
licensing basis shall be satisfied.

3. All events

Emergency Operating Procedures (EOPs) are
followed when applicable.

4. AOOs

The plant shall be designed and operated such
that no single failure in mitigation systems
can prevent required actions from being
satisfied.

5. Infrequent Events and Accidents

The plant shall be designed and operated to
satisfy required actions, considering limiting
single failure as defined by applicable
regulatory requirements and licensing
commitments.

6. AOOs, Infrequent Events and Accidents

Single-failure criterion is not applicable
during periods of system or component
testing required by Technical Specifications
(TS) or when operating under limiting
conditions for operation required by
Technical Specifications.

7. Special events

The plant shall be designed and operated
consistent with applicable regulatory
requirements and licensing commitments.

15.1-4
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Table 15.1-2
ESBWR Operating Modes

MODE 6 - REFUELING

e Allowable Mode Switch Positions: SHUTDOWN or REFUEL
Power Considerations: Decay Heat Only
¢ One or more reactor vessel head closure bolts less than fully tensioned

MODE 6 S — RPV VENTED AND REACTOR NOT SHUTDOWN
(Applies when performing Shutdown Margin test
in accordance with Technical Specifications)

e Allowable Mode Switch Positions: SHUTDOWN REFUEL STARTUP
e Power Considerations: Decay Heat Only
e One or more reactor vessel head closure bolts less than fully tensioned

MODE S - COLD SHUTDOWN

e Allowable Mode Switch Positions: SHUTDOWN
e 93.3°C > Average Reactor Coolant Temperature
e Power Considerations: Decay Heat Only

MODE 4 — STABLE SHUTDOWN

e Allowable Mode Switch Positions: SHUTDOWN
e 215.6°C = Average Reactor Coolant Temperature > 93.3°C
e Power Considerations: Decay Heat Only

MODE 3 - HOT SHUTDOWN

e Allowable Mode Switch Positions: SHUTDOWN
e Average Reactor Coolant Temperature > 215.6°C
e Power Considerations: Decay Heat Only

MODE 2 — STARTUP

e Allowable Mode Switch Positions: REFUEL or STARTUP
e Power Considerations: APRM Fixed Neutron Flux — High, Setdown Power > Reactor
Power > Decay Heat

MODE 1 - POWER OPERATION

Allowable Mode Switch Positions: RUN
e Power Considerations: Licensed Power Level > Reactor Power > Decay Heat

15.1-5
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Table 15.1-3
ESBWR Events Associated With Operating Modes

Applicable
Abnormal Event Operating
Mode(s)
Loss of Feedwater Heating 1&2
Closure of One Turbine Control Valve 1&2
Generator Load Rejection with Turbine Bypass 1&2
Generator Load Rejection with a Single Failure in the
: 1&2
Turbine Bypass System
Turbine Trip with Turbine Bypass 1&2
Turbine Trip with a Single Failure in the Turbine Bypass | &2
System
Closure of One Main Steamline Isolation Valve 1 -4
Closure of All Main Steamline Isolation Valves 1 -4
Loss of Condenser Vacuum 1 -4

Loss of Shutdown Cooling Function of RWCU/SDC System 2 - 6&6S

Inadvertent Isolation Condenser Initiation 1 -6 & 6S
Runout of One Feedwater Pump 1&2
Opening of One Turbine Control or Bypass Valve 1 -4
Loss of Non-Emergency AC Power to Station Auxiliaries 1 - 6&6S
Loss of All Feedwater Flow 1 &2
Loss of Feedwater Heating With Failure of Selected Control

1&2
Rod Run-In
Feedwater Controller Failure — Maximum Demand 1&2
Pressure Regulator Failure Opening of All Turbine Control 1.4
and Bypass Valves
Pressure Regulator Failure — Closure of All Turbine Control

1&2
and Bypass Valves
Generator Load Rejection with Total Turbine Bypass Failure 1&2
Turbine Trip with Total Turbine Bypass Failure 1&2
Control Rod Withdrawal Error During Refueling 6
Control Rod Withdrawal Error During Startup 2 -5&6S
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Table 15.1-3
ESBWR Events Associated With Operating Modes

Applicable
Abnormal Event Operating
Mode(s)
Control Rod Withdrawal Error During Power Operation 1 &2
Fuel Assembly Loading Error, Mislocated Bundle 1 - 6&6S
Fuel Assembly Loading Error, Misoriented Bundle 1 - 6&6S
Inadvertent SDC Function Operation 1-5
Inadvertent Opening of a Safety Relief Valve 1 - 6&6S
Inadvertent Opening of a Depressurization Valve 1 - 6&6S
Stuck Open Safety Relief Valve 1 - 6&6S
Liquid-Containing Tank Failure 1 - 6&6S
Fuel Handling Accident 1 - 6&6S
LOCA Inside Containment I - 6&6S
Main Steamline Break Outside Containment l1-5
Control Rod Drop Accident 1 - 6&6S
Feedwater Line Break Outside Containment 1 - 6&6S
Failure of Small Line Carrying Primary Coolant Outside
Containment I-6&65
RWCU/SDC System Line Failure Outside Containment 1 - 6&6S
Spent Fuel Cask Drop Accident 1 - 6&6S
MSIV Closure With Flux Scram (Overpressure Protection) 1 &2
S i Conrl s & 2ass
Shutdown from Outside Main Control Room 1 & 2&6S
Anticipated Transients Without Scram 1 & 2
Station Blackout 1 &2
Safe Shutdown Fire 1 &2
Waste Gas System Leak or Failure 1 &2

15.1-7
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Table 15.1-4

Event Analysis Rules

A General Rules

Explanation

A.1 Include all events that are part of the plant
safety analysis.

All events considered in the plant safety
analysis are included in the NSOA, consistent
with NSOA goals and objectives.

A.2 Identify on event diagrams all required
systems, automatic trips, and operator
actions necessary to either satisfy
operational criteria or perform required
actions.

Systems, automatic trips, and operator actions
are identified only if they are uniquely
necessary to either accomplish required
actions or satisfy operational criteria.

A.3 Consider all plant systems, including
passive plant features required in the
mitigation of events.

The functions of passive plant features (e.g.,
MSL flow restrictors and CRD housing
supports) used to mitigate the consequences
of events are identified.

A.4 Consider hardware restrictions included in
the plant design to prevent operation
outside the operating envelope.

Hardware restrictions (e.g., control rod
withdrawal restrictions and refueling
interlocks) are included in the plant design to
constrain plant operation to within the
allowable operating envelope.

B Planned Operation Rules

Explanation

B.1 Consider only systems, limits, and
restrictions necessary to attain planned
operation and satisfy operational criteria.

Consideration of planned operation is limited
and not followed through to completion,
because planned operation is constrained by
normal plant operating procedures.

B.2 Limit the initial conditions for AOOs,
infrequent events, accidents, and special
events to operating modes and envelopes
allowed during planned operation in the
applicable operating mode.

All events in the safety analysis are initiated
from an operating mode within the allowable
operating envelope.

B.3 Consider the full range of initial
conditions for each event analyzed.

This rule assures that all event paths are
identified. Different initial conditions can
lead to different paths that may establish
unique requirements.

B.4 Apply hardware restrictions only to
planned operation.

Restrictions are hardware-implemented
constraints on normal plant operation to limit
the consequences of postulated events.
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Table 15.1-4

Event Analysis Rules

B.5 Identify normal operating systems
considered for a planned operation
function during an event as “Planned
Operation - Specific System Available.”

Normal operating systems are considered if
the system is employed in the same manner
during the event as it was prior to the event or
if continued operation can significantly
change the event path.

C Event Diagram Rules

Explanation

C.1 Consider the entire duration of the event
from the spectrum of possible initial
conditions and aftermath until either some
mode of planned operation is resumed or
the plant is in a stable condition with
continuity of core cooling.

Planned operation is considered "resumed"
when normal operating procedures are being
followed and plant operation is identical to
that used in any operating mode consistent
with allowable operating modes and
envelopes. A stable operating condition is
defined as the completion of all required
actions and the stabilization of plant
parameters.

C.2 Identify systems, automatic trips, and
operator actions if there is a unique
requirement as a result of the event. If a
normal operating system that was
operating prior to the event will be
employed in the same manner during the
event and if the event did not affect
system operation, the system does not
appear as a unique requirement on the
event diagram.

Systems, limits, and operator actions are
identified as "required" only if a unique
requirement to satisfy either required actions
or operational criteria is established. When
normal operating systems are considered,
specific systems assumed to be available are
identified.

C.3 Credit operator action only if the operator
can reasonably be expected to accomplish
the required action under existing
conditions and has availability of
necessary information to implement
required plant procedures.

Operator action may be necessary to either
attain planned operation or a stable condition.

C.4 Identify two types of parameters:
Parameters that initiate an automatic trip
or system actuation and monitored
parameters (available to the operator) that
require action.

Parameters are instrument setpoints at which
either an automatic trip or system initiation or
operator action is assumed to occur. Where
either an automatic action or operator action
accomplishes the same function, the
automatic action is identified.
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Table 15.1-4

Event Analysis Rules

C.5 Consider a system that plays a unique role
in response to an AOO, infrequent event,
accident, or special event to be "required"
unless the system’s effects are not
included in the event analysis.

Systems that have a unique role in an event
are considered "required" unless the safety

analysis for the event provides a basis that

operation of the system is not required.

C.6 Identify operating mode(s) in which the
event is applicable.

Because of plant operational considerations
and the definition of operating modes, not all
events can occur in all operating modes.

C.7 Identify the safety-related paths that
include:

. Required actions.

. Front-line systems.

. Automatic trips.

. Monitored parameters.

e  Normal operating systems evaluated in
analysis.

Event diagrams are the primary source of
documentation of NSOA results. Notes
identify required actions that are not
applicable and required actions satisfied by
the normal operating systems.

C.8 Identify passive plant features necessary at
the system level.

Passive plant features are associated with
system level requirements but are not
included on the event diagrams, because they
add unnecessary complexity.
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NSOA System Event Matrix
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NSOA System Event Matrix
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NSOA Event Describing |  Relevant
Event Diagram

Loss of Feedwater Heating 15.2.1.1 15.1-2
Closure of One Turbine Control Valve 15.2.2.1 15.1-3
Generator Load Rejection with Turbine Bypass 15.2.2.2 15.1-4
fr}gl;?eto];;(;(: lsisif;tliqon with a Single Failure in the 15223 15.1-5
Turbine Trip with Turbine Bypass 15.2.24 15.1-6
"é“;li)elgle Trip with a Single Failure in the Turbine Bypass 1525 15.1-7
Closure of One Main Steamline Isolation Valve 15.2.2.6 15.1-8
Closure of All Main Steamline Isolation Valves 15.2.2.7 15.1-9
Loss of Condenser Vacuum 15.2.2.8 15.1-10
Loss of Shutdown Cooling Function of RWCU/SDC System 15.2.2.9 15.1-11
Inadvertent Isolation Condenser Initiation 15.2.4.1 15.1-12
Runout of One Feedwater Pump 15.2.4.2 15.1-13
Opening of One Turbine Control or Bypass Valve 15.2.5.1 15.1-14
Loss of Non-Emergency AC Power to Station Auxiliaries 15.2.5.2 15.1-15
Loss of All Feedwater Flow 15.2.5.3 15.1-16
i(())zs 1({)11; Il;_ (}Edwater Heating With Failure of Selected Control 153.1 15.1-17
Feedwater Controller Failure — Maximum Demand 15.3.2 15.1-18
Pressure Regulator Failure Opening of All Turbine Control

and Bypass Valves 15.3.3 15.1-19
{:rrlzs%u;;als{:%;i‘fce)g Failure — Closure of All Turbine Control 153.4 15.1-20
Generator Load Rejection with Total Turbine Bypass Failure 15.3.5 15.1-21
Turbine Trip with Total Turbine Bypass Failure 15.3.6 15.1-22
Control Rod Withdrawal Error During Refueling 15.3.7 15.1-23
Control Rod Withdrawal Error During Startup 15.3.8 15.1-24

15.1-24
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ESBWR NSOA Events
NSOA Event ]S)l:els)csflclﬂfllgl Rgve:]?:’ t
Event Diagram
Control Rod Withdrawal Error During Power Operation 15.3.9 15.1-25
Fuel Assembly Loading Error, Mislocated Bundle 15.3.10 15.1-26
Fuel Assembly Loading Error, Misoriented Bundle 15.3.11 15.1-27
Inadvertent SDC Function Operation 15.3.12 15.1-28
Inadvertent Opening of a Safety Relief Valve 15.3.13 15.1-29
Inadvertent Opening of a Depressurization Valve 15.3.14 15.1-30
Stuck Open Safety Relief Valve 15.3.15 15.1-31
Liquid-Containing Tank Failure 15.3.16 15.1-32
Fuel Handling Accident 15.4.1 15.1-33
LOCA Inside Containment 1542,154.3, 15.1-34
15.4.4
Main Steamline Break Outside Containment 15.4.5 15.1-35
Control Rod Drop Accident 15.4.6 15.1-36
Feedwater Line Break Outside Containment 15.4.7 15.1-37
lgjzz)illllserliencr)lfeir:lall Line Carrying Primary Coolant Outside 15.4.8 15.1-38
RWCU/SDC System Line Failure Outside Containment 15.4.9 15.1-39
Spent Fuel Cask Drop Accident 15.4.10 15.1-40
MSIV Closure with Flux Scram (Overpressure Protection) 15.5.1 15.1-41
(ren SLCS shutdown capability) 1552 | 15142
Shutdown from Outside Main Control Room 15.5.3 15.1-43
Anticipated Transients Without Scram 1554 15.1-44
Station Blackout 15.5.5 15.1-45
Safe Shutdown Fire 15.5.6 15.1-46
Waste Gas System Leak or Failure 15.5.7 15.1-47

15.1-25
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Figure 15.1-1. Event Diagram Format

EVENT TITLE

Specific Plant Condition?

p | Either parameter
- initiates System ——— P P

Both parameter limits U operation

together initiate P

System Q operation Single parameter initiates
P |- P System R operation

System
System System U
Q R
[ I
System

S Parameter limit has
been reached requiring ——» °

operator action

System Manual action initiates System
T System V. ——————————p @ A%

Required Action A

NOTE:
Either System Q or System R operation is required
Operation of both System S and System T is required
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Figure 15.1-2. Event Diagram — Loss of Feedwater Heating

Loss of Feedwater Heating

P Low FW
Temperature
Detect FW
FWES Temperature change
RC&IS InltlatF: SRI/SCRRI
Function
Insert Selected
SRUSCRRI Control Rods

Reactor variables
settle into new steady state
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Figure 15.1-3. Event Diagram — Closure of One Turbine Control Valve

Closure of One Turbine
Control Valve

SB&PC/TGCS . Open remaining TCVs
and needed TBVs

Reactor variables
settle into new steady state

15.1-28




26A6642BP Rev. 03
ESBWR Design Control Document/Tier 2

Figure 15.1-4. Event Diagram — Generator Load Rejection with Turbine Bypass

Generator Load Rejection with
Turbine Bypass

Generator Load
Rejection Signal

SB&PC | ——» Open TBV

RC&IS Initiat'e SRI/SCRRI
Function
Insert Selected
SRISCRRI Control Rods

|

Reactor variables
settle into new steady state
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Figure 15.1-5. Event Diagram — Generator Load Rejection with a Single Failure in the
Turbine Bypass System

Generator Load Rejection with Single
Failure in Turbine Bypass System

Generator Load

Rejection Signal
I

P | 124305 Low Turbine
Inlet Pressure

I—Q SB&PC — Open TBV

a~]

High RV Scram Signal
L2 Dome Pressure MSIV (TCV closure
MSIV +30's P P with P Position RPS with insufficient
10 s timer bypass)
Reactor Insert
Isolation Ics CRDS Control Rods

Reactor Pressure &
Inventory Control

Reactor
Shutdown
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Figure 15.1-6. Event Diagram — Turbine Trip with Turbine Bypass

Turbine Trip with Turbine Bypass

Turbine Trip
> .
Signal

SB&PC |—— Open TBV

RC&IS Initiat.e SRI/SCRRI
Function
SRI/SCRRI Insert Selected

Control Rods

Reactor variables
settle into new steady state
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Figure 15.1-7. Event Diagram — Turbine Trip with a Single Failure in the Turbine Bypass

System

Turbine Trip with Single Failure in
Turbine Bypass System

[

P | L2+30s | P

—

Low Turbine
Inlet Pressure

Reactor Pressure &
Inventory Control

15.1-32

High RV
L2 Dome Pressure MSIV
MSE +30 s P P with P Position
10 s timer
Reactor
Isolation ICS

P —

SB&PC —»

CRDS

Reactor
Shutdown

Turbine Trip
Signal

Open TBV

Scram Signal
(TSV closure
with insufficient

bypass)

Insert
Control Rods
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Figure 15.1-8. Event Diagram — Closure of One Main Steamline Isolation Valve

Closure of One Main Steamline
Isolation Valve

Yes No

Full Power?

High Main
Steamline Flow

P >

SB&PC/ Open TCVs
TGCS Open needed TBVs

MSIV  [— Close Remaining
MSIV

Reactor variables
settle into new
steady state

P ——» MSIV Position

RPS Sf:ram ICS
Signal
RDS Insert Reactor Pressure
— Control Control
Rods

Reactor
Shutdown
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Figure 15.1-9. Event Diagram — Closure of All Main Steamline Isolation Valves

Closure of All Main Steamline Isolation Valves

p MSIV
Position
RPS , Scram ICS
Signal
Insert
Reactor Pressure
CRDS » (Control Control
Rods

Reactor Shutdown
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Figure 15.1-10. Event Diagram — Loss of Condenser Vacuum

Loss of Condenser Vacuum

ESBWR
Turbine Trip
P .
Signal
SB&PC |—» Open TBV

ICS

Reactor Pressure
Control

Low
Condenser «— P
Vacuum

MSIV
Position

Low Condenser
Vacuum

—» Scram Signal

CRDS

|, Insert
Control Rods

MSIV

15.1-35
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Reactor
Shutdown
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Figure 15.1-11. Event Diagram — Loss of Shutdown Cooling Function of RWCU/SDC
System

Loss of Shutdown Cooling Function of

RWCU/SDC System
Modes 3-5 Mode 6
P | L2+30s | P ——— High Pressure + 10 s P L1 with 150 s Timer
ICS GDCS

Extended Core
Cooling & Inventory
Control

Pressure and
Inventory Control
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Figure 15.1-12. Event Diagram — Inadvertent Isolation Condenser Initiation

Inadvertent Isolation Condenser
System Initiation

Increased
water level

Adjust FW flow
to compensate

FWCS ———

Reactor variables
settle into new steady state
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Figure 15.1-13. Event Diagram — Runout of One Feedwater Pump

Runout of One Feedwater Pump

P |———— Increased Water Level

FWCS L » Reduce Feedwater Flow from
other pumps(s)

Water Level i1s maintained
at normal value
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Figure 15.1-14. Event Diagram — Opening of One Turbine Control or Bypass Valve

Opening of One Turbine Control

or Bypass Valve
P , Decreased Reactor
Dome Pressure
SB&PC/ > Adjust Turbine Control and
TGCS Bypass Valves to compensate

Reactor variables
settle into new
steady state
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Figure 15.1-15. Event Diagram — Loss of Non-Emergency AC Power to Station Auxiliaries

Loss of Non-Emergency AC Power to
Station Auxiliaries

) ] Loss of Power
P T}lrblne Trip P |, Generation Bus
Signal (Loss of Feedwater
Flow)
—> TBV .
SB&PC Open RPS — Scram Signal
CRDS » Insert Control
Rods
Reactor Shutdown
Level 2 with 30 .
| T?r\r/li:r—o:ilow s P Loss of Power Generation Bus
Condenser Vacuum (Loss of Feedwater Flow)
MSIV ICS
Reactor Pressure
Isolation Control & Inventory

15.1-40
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Figure 15.1-16. Event Diagram — Loss of All Feedwater Flow

Loss of All Feedwater Flow

P » Loss of Power Generation Bus
(Loss of Feedwater Flow)

RPS — Scram Signal

CRDS —— Insert Control Rods

Level 2 With Loss of Power Generation Bus
30 s Timer (Loss of Feedwater Flow)

Reactor
Shutdown

MSIV IcS

Reactor Pressure
Control & Inventory
Control

Isolation
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Figure 15.1-17. Event Diagram — Loss of Feedwater Heating With Failure of Selected
Control Rod Run-In

Loss of Feedwater Heating with
Failure of SCRRI

Reactor variables
settle into new steady state
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Figure 15.1-18. Event Diagram — Feedwater Controller Failure — Maximum Demand

Feedwater Controller Failure
Maximum Demand

E’]—» Level 8

P Turbine
I:‘:l_> Trip Signal

Open TBV<+— SB&PC

RPS —» Scram Signal

Reactor Pressure
Control

Insert Control
CRDS ™ Rods

Reactor
Shutdown

Low Turbine
+
L2+30s Inlet Pressure

High RV
L2 Dome Pressure MSIV
MSIV +30's | P ‘ | P ‘ with I:P Position
10 s timer
i ICS
Isolation

Reactor Pressure &
Inventory Control
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Figure 15.1-19. Event Diagram — Pressure Regulator Failure — Opening of All Turbine
Control and Bypass Valves

Pressure Regulator Failure Opening of All
Turbine Control and Bypass Valves

Low Main

> )
P Steamline Pressure

MSIV — MSIV Closure

MSIV
Position

ICS RPS — Scram Signal

Insert Control
CRDS Rods

Reactor Pressure
& Inventory Control

Reactor
Shutdown
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Figure 15.1-20. Event Diagram — Pressure Regulator Failure — Closure of All Turbine
Control and Bypass Valves

Pressure Regulator Failure Closure of All
Turbine Control and Bypass Valves

High .
I:P > Neutron L2+30s Low Turbine
Inlet Pressure
Flux
RPS —> Scram Signal High RV
MSIV L2 ‘ P | | P | Dome Pressure [P MSIV
+30s with Position
10 s timer
Insert
CRDS — Control
Rods
Isolation ICS

Reactor
Shutdown

Reactor Pressure &
Inventory Control
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Figure 15.1-21. Event Diagram — Generator Load Rejection with Total Bypass Failure

Generator Load Rejection With

Total Bypass Failure
Scram Signal
Low Turbine (TCV closure
L2+30s
Inlet Pressure RPS with insufficient
bypass)
High RV Insert
Dome
L2 MSIV CRDS [ Control
MSIV os P [P] Preswe [P PEE Rods
with
10 s timer

Reactor
Shutdown

Reactor

Isolation 1cs

Reactor Pressure &
Inventory Control
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Figure 15.1-22. Event Diagram — Turbine Trip with Total Bypass Failure

Turbine Trip with Total
Bypass Failure

Scram Signal

Low Turbine (TSV closure
P | L2+30s
Inlet Pressure RPS with insufficient
bypass)
High RV Insert
Dome
L2 MSIV CRDS | Control
MSIV +30's | P ‘ ‘ P | Pressure [ Position Rods
with
10 s timer
Reactor
Reactor Shutdown
. ICS
Isolation

Reactor Pressure &
Inventory Control
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Figure 15.1-23. Event Diagram — Control Rod Withdrawal Error During Refueling

Control Rod Withdrawal Error
During Refueling

Not a credible event.

No protection sequence required.
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Figure 15.1-24. Event Diagram — Control Rod Withdrawal Error During Startup

Control Rod Withdrawal Error
During Startup

P ———» SRNM Period P —» SRNM Period

RC&IS — Rod Block RPS  —— Scram Signal

Insert

Terminate Rod
CRDS Control Rods

Withdrawal

Reactor
Shutdown
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Figure 15.1-25. Event Diagram — Control Rod Withdrawal Error During Power Operation

Control Rod Withdrawal Error
During Power Operation

ALTM

P +—— Parameter

Exceeded

RC&IS

— Rod Block

Terminate Rod

Withdrawal
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Figure 15.1-26. Event Diagram — Fuel Assembly Loading Error — Mislocated Bundle

Fuel Assembly Loading Error
Mislocated Bundle

Planned Operation
(All normally operating systems remain in operation)
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Figure 15.1-27. Event Diagram — Fuel Assembly Loading Error — Misoriented Bundle

Fuel Assembly Loading Error
Misoriented Bundle

Planned Operation
(All normally operating systems remain in operation)
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Figure 15.1-28. Event Diagram — Inadvertent SDC Function Operation

Inadvertent SDC
Function Operation

Mode 1 Mode 2

P —— High Neutron Flux

Reactor variables settle
into new steady state

RPS L » Scram Signal
CRDS Insert
Control Rods
Reactor
Shutdown
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Figure 15.1-29. Event Diagram — Inadvertent Opening of a Safety Relief Valve

Inadvertent Opening of a

Safety/Relief Valve
P High Suppression
Pool Temperature
RPS L o Scram Signal

CRDS Insert
™ Control Rods

Reactor
Shutdown
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Figure 15.1-30. Event Diagram — Inadvertent Opening of a Depressurization Valve

Inadvertent Opening of a
Depressurization Valve

GDCS

Extended Core
Cooling &
Inventory Control

P L1 Low
Water Level
ADS & DPV
RPV
Depressurization

ADS Actuation with High Drywell < p

150 s delay Pressure
Scram
Signal RPS

Open GDCS Pool

Valves to RPV
Insert
Control «—{ CRDS
Rods

Reactor
Shutdown
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PCCS

Limit
Containment
Pressure
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Figure 15.1-31. Event Diagram — Stuck Open Safety Relief Valve

Stuck Open Safety/Relief Valve

eactor Scrammed
with One SRV Stuck
Open

PCCS

Limit
Containment
Pressure

P |—» LI Low
Water Level

Low Main
P ¥ Steamline
Pressure

MSIV

ADS & DPV

RPV

ADS Actuation Depressurization P
with 150 s delay P
GDCS Open GDCS ICS
Pool Valves to RPV

& Inventory Control

Extended Core Cooling

Control
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Reactor Pressure

MSIV
Position

Isolation




26A6642BP Rev. 03
ESBWR Design Control Document/Tier 2

Figure 15.1-32. Event Diagram — Liquid Containing Tank Failure

Liquid Containing Tank Failure

Planned Operation
(All normally operating systems remain
in operation)
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Figure 15.1-33. Event Diagram — Fuel Handling Accident

Fuel Handling Accident

\/
Planned Operation
(All other normally operating systems
remain in operation)

|, HighRadiation in
P Reactor
Normal Building
Ventilation —» Isolate

Monitor Radiation

@ Level

Radiation Release
Control
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Figure 15.1-36. Event Diagram — Control Rod Drop Accident

Control Rod Drop Accident

Not a credible event.
No protection sequence required.
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Figure 15.1-40. Event Diagram — Spent Fuel Cask Drop Accident

Spent Fuel Cask Drop Accident
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Planned Operation
(All other normally operating systems
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Figure 15.1-41. Event Diagram — MSIV Closure With Flux Scram (Overpressure
Protection)
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Figure 15.1-42. Event Diagram — Shutdown Without Control Rods (Standby Liquid
Control System Capability)
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Figure 15.1-43. Event Diagram — Shutdown from Qutside Main Control Room
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Figure 15.1-47. Event Diagram — Waste Gas System Leak or Failure

Radioactive Offgas System
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* Leak is assumed to result from inadvertent opening of a valve bypassing the charcoal adsorber tanks
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15.2 ANALYSIS OF ANTICIPATED OPERATIONAL OCCURRENCES

Each of the anticipated operational occurrences (AOOs) addressed in the Section 15.1, “Nuclear
Safety Operations Analysis” (NSOA), is evaluated in the following subsections. Appendix 15A
provides a determination of event frequency to categorize AOOs as defined in 10 CFR 50
Appendix A. Tables 15.2-1, 15.2-2 and 15.2-3 provide the important input parameters and initial
conditions used/assumed in the AOO analyses.

In the analysis of AOOs and Infrequent Events in Section 15.3 Nonsafety-Related systems or
components are considered to be operational in the following situations:

e  When assumption of a Nonsafety-Related system results in a more limiting event;

e  When a detectable and nonconsequential random, independent failure must occur in order
to disable the system; and

e When Nonsafety-Related systems or components are used as backup protection (i.e. not
the primary success path, included to illustrate the expected plant response to the event).

15.2.0 Assumptions

The following COL Applicant assumptions are applied in the TRACG calculations in Sections
15.2, 15.3 and 15.5.5:

e The assumed initial suppression pool temperature is 43.3°C (110°F) and the scram
set-point 48.9°C (120°F) in the inadvertent safety relief valve (SRV) opening event
analysis.

e A bounding isolation condenser (IC) injection valve stroke time of 7.5 second is assumed
in the inadvertent IC injection analysis. Injection of all ICs (4 ICs) is assumed. The
temperature of the condensate in the IC system that is initially injected is assumed to be
10°C (50°F).

e The turbine steam bypass system provides 50% of maximum bypass flow in the event of
a single failure.

e The feedwater controller failure analysis assumes a L8 feedwater runback signal. The L8
signal is backed up by a Safety-Related feedwater trip at L9.

o The feedwater control system provides 240 s of rated feedwater flow (2434 kg/s) after
main steam isolation valve (MSIV) isolation.

e The Loss of feedwater heating setpoint is assumed to be 16.67°C (30°F) measured in the
feedwater nozzle to maximize the SCRRI/SRI actuation delay.

e The SCRRI/SRI control rod grouping was defined to be able to reduce the core power
and reduce limit the DCPR/ICPR after a Loss of Feedwater Heating. It is divided in five
subgroups. Four of them, SRI, with scattered insertion time (a separation of 10 s between
each subgroup) and another SCRRI group with a total insertion time of 110 s and
activated simultaneously with the first SRI group..

e The MSIV closure curve is (where time 0.0 s is the start of valve movement):
0.0 s — 100% open.
0.6 s — 100% open,
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1.7s—1% open &
3.0 s —0.0% open.

e The automatic depressurization system (ADS) low water level setpoint analytical limit is
11.5 m above vessel 0.

e The maximum feedwater pump runout for a single pump is 75% of rated flow.

e For the transient representative of the loss of off site power with failure to transfer to
internal power sources, it is assumed that initially a load rejection occurs, feedwater
pumps trip and condensate pumps trip simultaneously.

e The stuck open safety relief valve transient has been analyzed with 4 ICs available and
with a bounding capacity, to observe the maximum possible depressurization rate.

15.2.1 Decrease In Core Coolant Temperature
15.2.1.1 Loss Of Feedwater Heating

15.2.1.1.1 Identification of Causes

A feedwater (FW) heater can be lost in at least two ways:
e Steam extraction line to heater is closed; or
e FW is bypassed around heater.

The first case produces a gradual cooling of the FW. In the second case, the FW bypasses the
heater and no heating of the FW occurs. In either case, the reactor vessel receives colder FW.
The maximum number of FW heaters that can be tripped or bypassed by a single event
represents the most severe event for analysis considerations.

The ESBWR is designed such that no single operator error or equipment failure shall cause a loss
of more than 55.6°C (100°F) FW heating. The reference steam and power conversion system
shown in Section 10.1 meets this requirement.

The loss of FW heating causes an increase in core inlet subcooling. This increases core power
due to the negative void reactivity coefficient. However, the power increase is slow.

The Feedwater Control System (FWCS) logic is provided in Subsection 7.7.3, and includes logic
to mitigate the effects of a loss of FW heating capability. The system is constantly monitoring
the actual FW temperature and comparing it with a reference temperature. When a loss of FW
heating is detected [i.e., when the difference between the actual and reference temperatures
exceeds a AT setpoint], the FWCS sends an alarm to the operator and sends a signal to the Rod
Control and Information System (RC&IS) to initiate the Selected Control Rods Run-In and
Select Rods Insertion (SCRRI/SRI) function to automatically reduce the reactor power and avoid
a scram. This prevents the reactor from violating any thermal limits.

Control blade insertion is conservatively assumed to start only when the temperature difference
setpoint is reached in the FW nozzle. The SCRRI/SRI is able to suppress totally the neutron
power increase and the MCPR reduction is small.
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Events may exist where the SCRRI/SRI is not activated; because the loss of feedwater
temperature is less than 16.67°C (30°F). These events have a ACPR/ICPR similar to the event
studied here, however none of them will become limiting.

15.2.1.1.2 Sequence of Events and Systems Operation

Sequence of Events

Table 15.2-4 lists the sequence of events for Figure 15.2-1

Because no scram occurs during this event, no immediate operator action is required. As soon as
possible, the operator should verify that no operating limits are being exceeded. Also, the
operator should determine the cause of failure prior to returning the system to normal.

Systems Operation

In establishing the expected sequence of events and simulating the plant performance, it was
assumed that normal functioning occurred in the plant instrumentation and controls, plant
protection and reactor protection systems. The only assumed failure is for a single HCU, which
actuates two control rods, avoiding the normal insertion of two rods.

15.2.1.1.3 Core and System Performance

Input Parameters and Initial Conditions

The event is simulated by programming a change in FW enthalpy corresponding to the assumed
loss in FW heating, shown in Table 15.2-1.

Results

Because the power increase during this event is controlled by the SCRRI/SRI insertion, the
reduction of the MCPR is very small andis turned around when the SCRRI/SRI function takes
effect. The results are summarized in Table 15.2-5.

No scram is assumed in this analysis. The increased core inlet subcooling aids thermal margins.
Nuclear system pressure does not significantly change and consequently, the RCPB is not
threatened.

This event is potentially limiting with respect to OLMCPR. The COL Applicant will provide
reanalysis of this event for the specific initial and (COL Holder) reload core designs.
15.2.1.1.4 Barrier Performance

As noted previously, the effects of this event do not result in any temperature or pressure
transient in excess of the criteria for which the fuel (as stated in the section 8.3 of Reference
15.2-1 containing the centerline melt protection discussion with the TRACG methodology),
pressure vessel or containment are designed. Therefore, these barriers maintain their integrity
and function as designed.

15.2.1.1.5 Radiological Consequences

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.
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15.2.2 Increase In Reactor Pressure
15.2.2.1 Closure of One Turbine Control Valve

15.2.2.1.1 Identification of Causes

The ESBWR Steam Bypass and Pressure Control (SB&PC) system uses a triplicated digital
control system. This system is similar to the one used in the ABWR design. The SB&PC
system controls the TCVs and turbine bypass valves to maintain reactor pressure. As presented
in Subsection 15.2.4.2, no credible single failure in the control system results in a minimum
demand to all Turbine Control Valves (TCVs) and bypass valves. A voter or actuator failure
may result in an inadvertent closure of one turbine control valve or one turbine bypass valve if it
is open at the time of failure. In this case, the SB&PC system senses the pressure change and
commands the remaining control valves or bypass valves, if needed, to open, and thereby
automatically mitigates the transient to maintain reactor power and pressure.

Because turbine bypass valves are normally closed during normal full power operation, it is
assumed for purposes of this transient analysis that a single failure causes a single turbine control
valve to fail closed. Should this event occur at full power, the opening of remaining control
valves may not be sufficient to maintain the reactor pressure, depending on the turbine design.
Neutron flux would increase in this case, due to void collapse resulting from the pressure
increase. A reactor scram would be initiated if the high flux or high pressure scram setpoint is
reached.

15.2.2.1.2 Sequence of Events and System Operation

Sequence of Events

Postulating an actuator failure of the SB&PC system causes one TCV to close. The pressure
increases because the reactor is still generating the initial steam flow. The SB&PC system opens
the remaining control valves and some bypass valves. This sequence of events is listed in
Table 15.2-6 for Figure 15.2-2, for a fast closure with partial arc, and in Table 15.2-7 for Figure
15.2-3, for a slow closure with partial arc.

Systems Operation

Normal plant instrumentation and control are assumed to function. After a closure of one turbine
control valve, the steam flow rate that can be transmitted through the remaining three TCVs
depends upon the turbine configuration. For plants with full-arc turbine admission, the steam
flow through the remaining three TCVs is at least 95% of rated steam flow. This capacity drops
to about 85% of rated steam flow for plants with partial-arc turbine admission. Therefore, this
transient is less severe for plants with full-arc turbine admission. In this analysis, the case with
partial-arc turbine admission is analyzed to cover all plants.

Table 15.2-1 provides the following data for the TCV:
e Design full stroke closure time, from fully open to fully closed;
e Bounding closure time assumed in the fast closure analysis;
e Closure time assumed in the slow closure analysis; and

e Percent of rated steam flow that can pass through three TCVs.
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15.2.2.1.3 Core and System Performance

A simulated fast closure of one TCV is presented in Figure 15.2-2. Neutron flux increases,
because of the void reduction caused by the pressure increase. However, the sensed neutron flux
does not reach the high neutron flux scram setpoint. When the sensed reactor pressure increases,
the pressure regulator opens the bypass valves, keeping the reactor pressure at a constant level.
The calculated peak thermal flux is provided in Table 15.2-5. The number of rods in boiling
transition for this transient remains within the acceptance criterion for AOOs. Therefore, the
design basis is satisfied.

A slow closure of one TCV is also analyzed as shown in Figure 15.2-3. As in the fast closure
case, the neutron flux increase does not reach the high neutron flux scram setpoint. Also, a
reactor scram on high reactor pressure may also be generated. The results of this event are very
similar to the fast closure event discussed above. During the transient, the number of rods in
boiling transition remains within the acceptance criterion for AOOs. Therefore, the design basis
is satisfied.

This event is potentially limiting with respect to OLMCPR. The COL Applicant will provide
reanalysis of this event for the specific initial and (COL Holder) reload core designs.

15.2.2.1.4 Barrier Performance

Peak absolute pressure at the SRVs is below the SRV setpoints. Therefore, there is no steam
discharged to the suppression pool. The peak vessel bottom absolute pressure is below the upset
pressure limit.

15.2.2.1.5 Radiological Consequences

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.2.2 Generator Load Rejection With Turbine Bypass

15.2.2.2.1 Identification of Causes

Fast closure of the TCVs is initiated whenever electrical grid disturbances occur which result in
significant loss of electrical load on the generator. The TCVs are required to close as rapidly as
possible to prevent excessive over-speed of the turbine-generator (TG) rotor. Closure of the
TCVs causes a sudden reduction in steam flow. To prevent an increase in system pressure,
sufficient bypass capacity is provided to pass steam flow diverted from the turbine.

After sensing a significant loss of electrical load on the generator, the TCVs are commanded to
close rapidly. At the same time, the turbine bypass valves are signaled to open in the "fast"
opening mode by the SB&PC system, which uses a triplicated digital controller. As presented in
Subsection 15.2.4.3, no single failure can cause all turbine bypass valves to fail to open on
demand.

Assuming no single failure the plant will have the full steam bypass capability available, the
Reactor Protection System (RPS) will verify that the bypass valves are open. The fast closure of
the TCVs will produce a pressure increase that will be negligible, however, because all the steam
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flow will be bypassed through the steam bypass valves. The reactor power will decrease when
the SCRRI/SRI actuates.

15.2.2.2.2 Sequence of Events and System Operation

Sequence of Events

A loss of generator electrical load from high power conditions produces the sequence of events
listed in Table 15.2-8.

Identification of Operator Actions

Relatively small changes in plant conditions are experienced. The operator should, after
checking that the SCRRI/SRI system has been activated, check reactor water level, reactor
pressure and MSIV status. If conditions are normal, no further operator actions are needed.

System Operation

To properly simulate the expected sequence of events, the analysis of this event assumes normal
functioning of plant instrumentation and controls, plant protection and reactor protection systems
unless stated otherwise.

All plant control systems maintain normal operation unless specifically designated to the
contrary.

15.2.2.2.3 Core and System Performance

Input Parameters and Initial Conditions

The turbine electro-hydraulic control system (EHC) detects load rejection before a measurable
turbine speed change takes place.

The closure characteristics of the TCVs are assumed such that the valves operate in the full arc
(FA) mode. For this event, Table 15.2-1 provides the worst case full stroke closure time (from
fully open to fully closed) for the TCVs, which is assumed in the analysis.

The bypass valve opening characteristics are simulated using the specified delay together with
the specified opening characteristic required for bypass system operation.

Results

Figure 15.2-4 shows the results of the generator trip from the 100% rated power conditions and
with the turbine bypass system operating normally. Although the peak neutron flux and average
simulated thermal heat flux increase, the number of rods expected in boiling transition remains
within the acceptance criterion for AOOs. This event will be reanalyzed for each specific initial
core configuration.

15.2.2.2.4 Barrier Performance

Peak absolute pressure at the SRVs is below the SRV setpoints. Therefore, there is no steam
discharged to the suppression pool. The peak vessel bottom absolute pressure remains below the
upset pressure limit.
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15.2.2.2.5 Radiological Consequences
Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.2.3 Generator Load Rejection With a Single Failure in the Turbine Bypass System

15.2.2.3.1 Identification of Causes

Fast closure of the TCVs is initiated whenever electrical grid disturbances occur which result in
significant loss of electrical load on the generator. The TCVs are required to close as rapidly as
possible to prevent excessive overspeed of the turbine-generator (TG) rotor. Closure of the
TCVs causes a sudden reduction in steam flow, which results in an increase in system pressure
and reactor shutdown if the available turbine steam bypass capacity is insufficient.

After sensing a significant loss of electrical load on the generator, the TCVs are commanded to
close rapidly. At the same time, the turbine bypass valves are signaled to open in the "fast"
opening mode by the SB&PC system, which uses a triplicated digital controller. As presented in
Subsection 15.2.4.3, no single failure can cause all turbine bypass valves to fail to open on
demand. It is assumed that half of the turbine bypass valves fail to open on demand in this
analysis.

15.2.2.3.2 Sequence of Events and System Operation

Sequence of Events

A loss of generator electrical load with a single failure in the turbine bypass system from high
power conditions produces the sequence of events listed in Table 15.2-9.

Identification of Operator Actions
The operator should:
e Verify that all rods are inserted;
e Follow the scram procedure;
e Verify proper bypass valve performance;

e (Observe that the FW/level controls have maintained the reactor water level at a
satisfactory value;

e Observe that the pressure regulator is controlling reactor pressure at the desired value;
and

e Observe reactor peak power and pressure.
System Operation

To properly simulate the expected sequence of events, the analysis of this event assumes normal
functioning of plant instrumentation and controls, plant protection and reactor protection systems
unless stated otherwise.

Conservatively, and to cover all possible failures, it is assumed that the system with a single
failure only opens to 50% of the total steam bypass capacity.
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All plant control systems maintain normal operation unless specifically designated.

15.2.2.3.3 Core and System Performance
Input Parameters and Initial Conditions

The turbine electro-hydraulic control system (EHC) detects load rejection before a measurable
turbine speed change takes place.

The closure characteristics of the TCVs are assumed such that the valves operate in the full arc
(FA) mode. For this event, Table 15.2-1 provides the design full stroke closure time (from fully
open to fully closed) for the TCVs and the worst-case closure time is assumed in the analysis.

The bypass valve opening characteristics are simulated using the specified delay together with
the specified opening characteristic required for bypass system operation.

The pressurization and/or the reactor scram may compress the water level to the low level trip
setpoint (Level 2) and initiate the CRD high pressure makeup function, and if the low level
signal remains for 30 seconds, MSIV closure, and isolation condenser (IC) operation. Should
this occur, it would follow sometime after the primary concerns of fuel thermal margin and
overpressure effects have occurred.

Results

Figure 15.2-5 shows the results of the generator trip from the 100% rated power conditions
assuming only 50% of the total turbine bypass system capacity. Although the peak neutron flux
and average simulated thermal heat flux increase, the number of rods in boiling transition
remains within the acceptance criterion for AOOs. This event is potentially limiting with respect
to OLMCPR. The COL Applicant will provide reanalysis of this event for the specific initial and
(COL Holder) reload core designs.

15.2.2.3.4 Barrier Performance

Peak absolute pressure at the SRVs is below the SRV setpoints. Therefore, there is no steam
discharged to the suppression pool. The peak vessel bottom absolute pressure remains below the
upset pressure limit.

15.2.2.3.5 Radiological Consequences

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.2.4 Turbine Trip With Turbine Bypass

15.2.2.4.1 Identification of Causes

A variety of turbine or nuclear system malfunctions can initiate a turbine trip. Some examples
are high velocity separator drain tank high levels, large vibrations, operator lockout, loss of
control fluid pressure, low condenser vacuum and reactor high water level.

After the main turbine is tripped, turbine bypass valves are opened in their fast opening mode by
the SB&PC system.
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15.2.2.4.2 Sequence of Events and Systems Operation

Sequence of Events

Turbine trip at high power produces the sequence of events listed in Table 15.2-10.
Identification of Operator Actions

Relatively small changes in plant conditions are experienced. The operator should, after
checking that the SCRRI/SRI system has been activated, check reactor water level, reactor
pressure and MSIV status. If conditions are normal, no further operator actions are needed.

Systems Operation

All plant control systems maintain normal operation unless specifically designated to the
contrary. Credit is taken for successful operation of the Reactor Protection System (RPS).
15.2.2.4.3 Core and System Performance

Input Parameters and Initial Conditions

Table 15.2-1 provides the Turbine Stop Valve (TSV) full stroke closure time design range, and
the worst case (bounding) TSV closure time assumed in the analysis.

Results

A turbine trip with the bypass system operating normally is simulated at rated power conditions
as shown in Figure 15.2-6. Table 15.2-5 summarizes the analysis results. The neutron flux
increases rapidly because of the void reduction caused by the pressure increase. However, the
pressure increase is limited by the initiation of the steam bypass operation. Peak simulated
thermal heat flux does not significantly exceed (< 1%) of its initial value. After the control
system verifies that the bypass capacity is adequate, the system will activate the SCRRI/SRI to
reduce the power to 60% and later proceed to a possible restart or a controlled shut-down. The
number of rods in boiling transition during this event remains within the acceptance criterion for
AQOOs. This event will be reanalyzed for each specific initial core configuration.

15.2.2.4.4 Barrier Performance

Peak absolute pressure at the SRVs is below the SRV setpoints. Therefore, there is no steam
discharged to the suppression pool. The peak absolute pressure at the vessel bottom remains
below the upset pressure limit.

15.2.2.4.5 Radiological Consequences

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.2.5 Turbine Trip With a Single Failure in the Turbine Bypass System

15.2.2.5.1 Identification of Causes

A variety of turbine or nuclear system malfunctions can initiate a turbine trip. Some examples
are high velocity separator drain tank high levels, large vibrations, operator lockout, loss of
control fluid pressure, low condenser vacuum and reactor high water level.
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After the main turbine is tripped, turbine bypass valves are opened in their fast opening mode by
the SB&PC system.

15.2.2.5.2 Sequence of Events and Systems Operation

Sequence of Events

Turbine trip with a single failure in the turbine bypass system at high power produces the
sequence of events listed in Table 15.2-11.

Identification of Operator Actions
The operator should:
e Verify that all rods are inserted;
e Follow the scram procedure;

e Verify that the generator breaker is automatically open to allow electrical buses originally
supplied by the generator to be supplied by the incoming power;

e Monitor reactor water level and pressure;
e Check turbine for proper operation of all auxiliaries during coastdown;
e Manually initiate ICs, if necessary, to control reactor pressure;

e Depending on conditions, maintain pressure for restart purposes, or initiate normal
operating procedures for cooldown;

e Put the mode switch in the startup position before the reactor pressure decays to below
6 MPa (870 psig);

Systems Operation

All plant control systems maintain normal operation unless specifically designated to the
contrary. Credit is taken for successful operation of the Reactor Protection System (RPS).

Conservatively and to cover all possible failures it is assumed that the system with a single
failure only opens to 50% of the total steam bypass capacity.

15.2.2.5.3 Core and System Performance
Input Parameters and Initial Conditions

Table 15.2-1 provides the Turbine Stop Valve (TSV) full stroke closure time design range, and
the worst case (bounding) TSV closure time assumed in the analysis. A reactor scram occurs
due to fast TSV closure, with inadequate availability of turbine bypass.

Results

A turbine trip, assuming only 50% of the total turbine steam bypass capacity available, is
simulated at rated power conditions as shown in Figure 15.2-7. Table 15.2-5 summarizes the
analysis results. The neutron flux increases rapidly because of the void reduction caused by the
pressure increase. However, the flux increase is limited by the partial actuation of the steam
bypass system and the initiation of reactor scram. The peak simulated thermal heat flux does not
significantly increase (< 10%) above its initial value. The number of rods in boiling transition
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during this event remains within the acceptance criterion for AOOs. This event will be
reanalyzed for each specific initial core configuration.
15.2.2.5.4 Barrier Performance

Peak absolute pressure at the SRVs is below the SRV setpoints. Therefore, there is no steam
discharged to the suppression pool. The peak absolute pressure at the vessel bottom remains
below the upset pressure limit.

15.2.2.5.5 Radiological Consequences
Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.2.6 Closure of One Main Steamline Isolation Valve

15.2.2.6.1 Identification of Causes

Protection system logic permits the test closure of one MSIV without initiating scram from the
position switches. An inadvertent closure of one MSIV may cause an immediate closure of all
other MSIVs, depending on reactor conditions. Closure of all MSIVs is discussed in
Subsection 15.2.2.7.

15.2.2.6.2 Sequence of Events and Systems Operation

When a single MSIV is closed in conformance with normal testing procedures, no reactor scram
occurs and the reactor settles into a new steady state operating condition. Closure of a single
MSIV at power levels above those of the normal testing procedure may cause closure of all other
MSIVs.

Table 15.2-12 lists the sequence of events for Figure 15.2-8

15.2.2.6.3 Core and System Performance

The neutron flux increases slightly while the simulated thermal heat flux shows no increase. The
number of rods in boiling transition during this event remains within the acceptance criterion for
AOOs. The effects of closure of a single MSIV are considerably milder than the effects of
closure of all MSIVs. Therefore, this event does not need to be reanalyzed for any specific core
configuration.

Inadvertent closure of one MSIV while the reactor is shut down produces no significant
transient. Closures during plant heatup are less severe than closure from maximum power cases.
15.2.2.6.4 Barrier Performance

Peak absolute pressure at the vessel bottom remains below the pressure limits of the reactor
coolant pressure boundary. Peak absolute pressure in the main steamline remains below the
SRV setpoints. Therefore, there is no steam discharged to the suppression pool.

15.2.2.6.5 Radiological Consequence

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2-11



26A6642BP Rev. 03
ESBWR Design Control Document/Tier 2

15.2.2.7 Closure of All Main Steamline Isolation Valves

15.2.2.7.1 Identification of Causes

Various steamline and nuclear system malfunctions, or operator actions, can initiate MSIV
closure. Examples are low steamline pressure, high steamline flow, high steamline radiation,
low water level or manual action.

To define this event as an initiating event and not the byproduct of another AOO, only the
following are considered:

e Manual action (purposely or inadvertent);

e Spurious signals such as low pressure, low reactor water level, low condenser vacuum;
and

e Equipment malfunctions, such as faulty valves or operating mechanisms.

A closure of one MSIV may cause an immediate closure of all other MSIVs, depending on
reactor conditions. If this occurs, it is also included in this category. During the MSIV closure,
position switches on the valves provide a reactor scram if the valves in two or more main
steamlines are less than that shown in Table 15.2-1 (except for interlocks which permit proper
plant startup). Protection system logic, however, switches to two out of three of the remaining
MSIVs which permits the test closure of one valve without initiating scram from the position
switches.

15.2.2.7.2 Sequence of Events and Systems Operation
Sequence of Events
Table 15.2-13 lists the sequence of events for Figure 15.2-9.

The following is the sequence of operator actions expected during the course of the event,
assuming no restart of the reactor. The operator should:

e Verify that all rods are inserted;

e Follow the scram procedure;

e Check that ICs have initiated (i.e., drain valves open);
e Monitor reactor water level and pressure;

e Initiate RWCU/SDC system operation in the shutdown cooling mode appropriate to hot
shutdown;

e Determine the cause of valve closure before resetting the MSIV isolation;

e Observe turbine coastdown and break vacuum before the loss of sealing steam (check
turbine auxiliaries for proper operation); and

e Check that conditions are satisfactory prior to opening and resetting MSIVs.
Systems Operation

MSIV closure initiates a reactor scram trip via position signals to the RPS. The same signal also
initiates the operation of ICs, which prevent the lifting of SRVs.
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All plant control systems maintain normal operation unless specifically designated to the
contrary.

15.2.2.7.3 Core and System Performance

Input Parameters and Initial Conditions

The MSIV design closure time range and the worst case (bounding) closure time assumed in this
analysis are provided in Table 15.2-1.

Position switches on the valves initiate a reactor scram, as addressed in Table 15.2-1. Closure of
these valves causes the dome pressure to increase.

Results

Figure 15.2-9 shows the changes in important nuclear system variations for the simultaneous
isolation of all main steamlines while the reactor is operating at rated power. The neutron flux
increases slightly while the simulated thermal heat flux shows no increase. The FW injection
and the IC operation terminate the pressure increase. The anticipatory scram prevents any
change in the thermal margins. The number of rods in boiling transition during this event
remains within the acceptance criterion for AOOs. Therefore, this event does not have to be
reanalyzed for any specific core configurations.

Inadvertent closure of all of the MSIVs while the reactor is shut down produces no significant
transient. Closures during plant heatup are less severe than the maximum power cases
(maximum stored and decay heat) presented.

15.2.2.7.4 Barrier Performance

Peak absolute pressure at the vessel bottom remains below the upset event pressure limit for the
reactor coolant pressure boundary (RCPB). Peak absolute pressure in the main steamline
remains below the SRV setpoints. Therefore, there is no steam discharged to the suppression
pool.

15.2.2.7.5 Radiological Consequence

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.2.8 Loss of Condenser Vacuum

15.2.2.8.1 Identification of Causes

Various system malfunctions that can cause a loss of condenser vacuum due to some single
equipment failure are designated in Table 15.2-14.

15.2.2.8.2 Sequence of Events and Systems Operation
Sequence of Events
Table 15.2-15 lists the sequence of events for Figure 15.2-10.

The Loss of Condenser Vacuum initially does not effect the vessel, when the turbine trip setpoint
is reached it has a simultaneous scram with a bypass valve opening. According to Table 15.2-16,
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six seconds later the low vacuum setpoint produces closure of the bypass and with a small delay
the MSIV also closes.
Identification of Operator Actions
The operator should:
e Verify that all rods are inserted;
e Follow the scram procedure;
e Monitor reactor water level and pressure;
e Check turbine for proper operation of all auxiliaries during coastdown;
e Use ICs to control reactor pressure;

e Depending on conditions, maintain pressure for restart purposes, or initiate normal
operating procedures for cooldown;

e Put the mode switch in the STARTUP position before the reactor pressure decays below
6 MPa (870 psig).

Systems Operation

In establishing the expected sequence of events and simulating the plant performance, it was
assumed that normal functioning occurred in the plant instrumentation and controls, plant
protection and reactor protection systems.

Tripping functions incurred by sensing main turbine condenser vacuum are presented in
Table 15.2-16.

15.2.2.8.3 Core and System Performance
Input Parameters and Initial Conditions
TSV full stroke closure time is as shown in Table 15.2-1.

A reactor scram is initiated on low condenser vacuum at the same time that the turbine trip signal
is generated.

The analysis presented here is a hypothetical case with a conservative vacuum decay rate (see
Table 15.2-1). Thus, the bypass system is available for several seconds, because the bypass is
signaled to close at a vacuum level that is less than the stop valve closure (see Table 15.2-16).

Results

As shown in Table 15.2-15, under the analysis vacuum decay condition, the turbine bypass
valves and MSIV closure would follow main turbine trip after it initiates the event. This AOO,
therefore, is similar to a normal turbine trip with bypass. The effect of MSIV closure tends to be
minimal, because the reactor scram on low condenser vacuum precedes the isolation by several
seconds. Figure 15.2-10 shows the transient expected for this event. It is assumed that the plant
is initially operating at rated power conditions. Peak neutron flux is shown in Table 15.2-5, and
the average simulated thermal heat flux peaks at < 110% of rated. The number of rods in boiling
transition during this event remains within the acceptance criterion for AOOs. Therefore, this
event does not have to be reanalyzed for any specific core configuration.
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15.2.2.8.4 Barrier Performance

Peak nuclear system absolute pressure remains below the ASME code upset limit. Peak absolute
pressure in the main steamline remains below the SRV setpoints. Therefore, there is no steam
discharged to the suppression pool. A comparison of these values to those for turbine trip at high
power shows the similarities between these two transients. The prime difference is the
subsequent main steamline isolation.

15.2.2.8.5 Radiological Consequences

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.2.9 Loss of Shutdown Cooling Function of RWCU/SDC

Although the RWCU/SDC system is Nonsafety-Related, it can perform high and low pressure
core cooling. The RWCU/SDC system has two trains, each of which contains the necessary
piping, pumps, valves, heat exchangers, instrumentation and electrical power for operation.Each
train also has its own cooling water supply, connection to standby AC power, pump, and
equipment room cooling system. For the shutdown cooling function each train has its own
suction line from the RPV and return line to the FW line. Thus each of the RWCU/SDC trains is
completely independent of the other train. The RWCU/SDC system, together with the main
condenser, is used to reduce the primary system temperature after plant shutdown.

Normally, in evaluating component failure considerations associated with RWCU/SDC system
shutdown cooling mode operation, active pumps, valves or instrumentation would be assumed to
fail. If the single active failure criterion is applied to the RWCU/SDC system, one of the
RWCU/SDC trains would be inoperable. However, the operable RWCU/SDC train could
achieve cold shutdown to < 100°C (212°F) within 36 hours after reactor shutdown.

Failure of offsite power is another case that could affect the shutdown cooling function. The
plant has two independent offsite power supplies. If both offsite power supplies are lost, each
RWCU/SDC train has its own standby AC power source (e.g., diesel generator) that permits
operating that train at its rated capacity. Application of the single active failure criterion would
still leave an RWCU/SDC train operational.

The RWCU/SDC system description and performance evaluation in Subsection 5.4.8 describes
the models, assumptions and results for shutdown cooling with two RWCU/SDC trains
operational.

15.2.3 Reactivity and Power Distribution Anomalies

Based on the probability for limiting reactivity and power distribution anomalies, there are no
reactivity and power distribution anomaly AOOs identified for the ESBWR.

15.2-15



26A6642BP Rev. 03
ESBWR Design Control Document/Tier 2

15.2.4 Increase in Reactor Coolant Inventory

15.2.4.1 Inadvertent Isolation Condenser Initiation

15.2.4.1.1 Identification of Causes

Manual startup of the four individual IC systems is postulated for this analysis (i.e., operator
error).

15.2.4.1.2 Sequence of Events and System Operation

Sequence of Events

Table 15.2-17 lists the sequence of events for Inadvertent Isolation Condenser Initiation.
Identification of Operator Actions

Relatively small changes in plant conditions are experienced. The operator should, after hearing
the alarm that the IC system has commenced operation, check reactor water level, reactor
pressure and MSIV status. If conditions are normal, the operator should shut down the system.

System Operation

To properly simulate the expected sequence of events, the analysis of this event assumes normal
functioning of plant instrumentation and controls. Specifically, the pressure regulation and the
vessel level control that respond directly to this event.

Required operation of engineered safeguards other than what is described is not expected for this
event.

15.2.4.1.3 Core and System Performance

Input Parameter and Initial Conditions

The assumed IC system water temperature and enthalpy, startup time and flow rate are provided
in Table 15.2-1.

Inadvertent startup of all loops of the IC system was chosen as the limiting case for analysis
because it provides the greatest auxiliary source of cold water into the vessel.

Results

Figure 15.2-11 shows the simulated transient event. It begins with the introduction of cold water
into the downcomer region. Full IC loop flow is established. No delays are considered because
these are not relevant to the analysis.

Addition of cooler water to the downcomer causes a reduction in inlet enthalpy, which results in
a power increase. The flux level settles out slightly above its operating level. The variations in
the pressure and thermal conditions are relatively small, and no significant effect is experienced.
The number of rods in boiling transition remains within the acceptance criterion for AOOs, and
the fuel thermal margins are maintained.

This event is potentially limiting with respect to OLMCPR. The COL Applicant will provide
reanalysis of this event for the specific initial and (COL Holder) reload core designs.
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Consideration of Uncertainties

Important analytical factors, including IC loop condensate water temperature, are assumed to be
at the worst conditions so that any deviations in the actual plant parameters would produce a less
severe transient.

15.2.4.1.4 Barrier Performance

Inadvertent Startup of the IC causes only a slight pressure decrease from the initial conditions;
therefore, no further RCPB pressure response evaluation is required.

15.2.4.1.5 Radiological Consequences

Because no activity is released during this event, a detailed evaluation is not required.
15.2.4.2 Runout of One Feedwater Pump

15.2.4.2.1 Identification of Causes

The FW pumps (three normally operating) are driven by an adjustable-speed, induction motor
that is controlled by an adjustable speed drive. This event is postulated on the basis of a single
failure of a control device, specifically one that can directly cause an increase coolant inventory
by increasing the speed of a single FW pump. The term “runout” is used in this section to
describe this failure.

The ESBWR FWCS uses a triplicated digital control system, instead of a single-channel analog
system that was originally provided in current BWR designs (BWR/2-6). The digital systems
consist of a triplicated fault-tolerant digital controller, the operator control stations and displays.
The digital controller contains three parallel processing channels, each containing the
microprocessor-based hardware and associated software necessary to perform all the control
calculations. The operator interface provides information regarding system status and the
required control functions.

Redundant transmitters are provided for key process inputs, and input voting and validation are
provided such that faults can be identified and isolated. Each system input is triplicated
internally and sent to the three processing channels (Figure 15.2-12). The channels produce the
same output during normal operation. Interprocessor communication provides self-diagnostic
capability. A two-out-of-three voter compares the processor outputs to generate a validated
output to the control actuator. A separate voter is provided for each actuator. A “ringback”
feature feeds back the final voter output to the processors. A voter failure is thereby detected and
alarmed. In some cases, a protection circuit locks the actuator into its existing position promptly
after the failure is detected.

Table 15.2-18 lists the potential failure modes of a triplicated digital control system and outlines
the effects of each failure. Because of the triplicated architecture, it is possible to take one
channel out of service for maintenance or repair while the system is online. Modes 2 and 5 of
Table 15.2-18 address a failure of a component while an associated redundant component is out
of service. This type of failure could potentially cause a system failure. However, the
probability of a component failure during servicing of a counterpart component is considered to
be so low that these failure modes are not considered Anticipated Operational Occurences, but
are considered infrequent events.
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Adverse effect minimization is mentioned in the effects of Mode 2. This feature stems from the
additional intelligence of the system provided by the microprocessor. When possible, the system
is programmed to take action in the event of some failure to reduce the severity of the event. For
example, if the total steam flow or total FW flow signals fail, the FWCS detects this by the input
reasonability checks and automatically switch to one-element mode (i.e., control by level
feedback only). The level control would essentially be unaffected by this failure.

The only credible single failures that would lead to some adverse effect on the plant are Modes 6
(failure of the output voter) and 7 (control actuator failure). Either of these failures would lead to
a loss of control of only one actuator (i.e., only one FW pump with increasing flow). A voter
failure is detected by the ringback feature. The FWCS initiates a lockup of the actuator upon
detection of the failure. The probabilities of failure of the variety of control actuators are very
low based on operating experience. The worst single failure in the FWCS causes a runout of one
FW pump to its maximum capacity. In the event of one pump run-out, the FWCS would then
reduce the demand to the remaining pumps, thereby automatically compensating for the
excessive flow from the failed pump. However, the demand to the remaining FW pump
decreases to offset the increased flow of the failed pump. The effect on total flow to the vessel is
not significant. The worst additional single failure would cause all FW pumps to run out to their
maximum capacity. However, the probability of this occurrence is extremely low.

15.2.4.2.2 Sequence of Events and Systems Operation

Sequence of Events

With momentary increase in FW flow, the water level rises and then settles back to its normal
level. Table 15.2-19 lists the sequencing of events for Figure 15.2-13.

Identification of Operator Actions

Because no scram occurs for runout of one FW pump, no immediate operator action is required.
As soon as possible, the operator should verify that no operating limits are being exceeded.
Also, the operator should determine the cause of failure prior to returning the system to normal.

Systems Operation

Runout of a single FW pump requires no protection system or ESF system operation. This
analysis assumes normal functioning of plant instrumentation and controls.

15.2.4.2.3 Core and System Performance

Input Parameters and Initial Conditions

The total FW flow for all pumps runout is provided in Table 15.2-1.

Results

The simulated runout of one FW pump event is presented in Figure 15.2-13. When the increase
of FW flow is sensed, the FW controller starts to command the remaining FW pumps to reduce
its flow immediately. The vessel water level increases slightly [about 14 cm (6 inch)] and then
settles back to its normal level. Vessel pressure increases insignificantly, and the number of rods
in boiling transition remains within the acceptance criterion for AOOs.
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15.2.4.2.4 Barrier Performance

As previously noted, the effect of this event does not result in any temperature or pressure
transient in excess of the criteria for which the fuel, pressure vessel or containment are designed.
Therefore, these barriers maintain their integrity and function as designed.

15.2.4.2.5 Radiological Consequences

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.5 Decrease in Reactor Coolant Inventory

15.2.5.1 Opening of One Turbine Control or Bypass Valve.

15.2.5.1.1 Identification of Causes

The ESBWR Steam Bypass and Pressure Control (SB&PC) system uses a triplicated digital
control system instead of an analog system as was originally provided in current BWR designs
(BWR/2-6). The SB&PC system controls TCVs and turbine bypass valves to maintain reactor
pressure. As presented in Subsection 15.2.4.2, no credible single failure in the control system
results in a maximum demand to all actuators for all TCVs and bypass valves. A voter or
actuator failure may result in an inadvertent opening of one TCV or one turbine bypass valve.
15.2.5.1.2 Sequence of Events and Systems Operation

The SB&PC system senses the pressure change and commands the remaining control valves to
close, and thereby automatically mitigate the transient and maintain reactor power and pressure.

Table 15.2-20 lists the sequence of events for Figure 15.2-14

15.2.5.1.3 Core and System Performance

Reactor power and pressure is maintained. Reactor scram does not occur.

15.2.5.1.4 Barrier Performance

The effects of this event do not result in any temperature or pressure transient in excess of the
criteria for which fuel, pressure vessel or containment are designed. The peak absolute pressure
in the bottom of the vessel remains below the ASME code upset limit. Peak steam line absolute
pressure near the SRVs remains below the setpoint of the SRVs.

15.2.5.1.5 Radiological Consequences

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.5.2 Loss of Non-Emergency AC Power to Station Auxiliaries

This event bounds the Loss of Unit Auxiliary Transformer and Loss of Grid Connection events.
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15.2.5.2.1 Identification of Causes

Causes for interruption or loss of power from the unit auxiliary transformer can arise from
transformer (main and unit auxiliary) malfunction and isolated phase bus failures. Loss of grid
connection can result from major shifts in electrical loads, loss of loads, lightning, storms, wind,
etc., which contribute to electrical grid instabilities. These instabilities could cause equipment
damage if unchecked. Protective relay schemes automatically disconnect electrical sources and
loads to mitigate damage and regain electrical grid stability. The plant is designed to effect bus
transfers and operate isolated from the electrical grid without scram. However in this analysis, it
is assumed that concurrent with a load rejection, there is a simultaneous loss of power on the four
power generation busses; this will cause the feedwater and circulating pumps to be lost. The
bypass valves will remain initially available. The loss of the power generation busses produces a
scram signal. The loss of the circulating water pumps results in a loss of condenser vacuum over
a period of time. As condenser vacuum drops the turbine trips, bypass valves close and the
MSIVs close.

15.2.5.2.2 Sequence of Events and Systems Operation

Sequence of Events

For the Loss of Unit Auxiliary Power Transformer, Table 15.2-21 lists the sequence of events for
Figure 15.2-15.

Identification of Operator Actions

The operator should maintain the reactor water level by use of the IC system and Control Rod
Drive system and control reactor pressure using the ICS and RWCU/SDC system. Verify that
the turbine and generator DC oil pumps are operating satisfactorily to prevent turbine bearing
damage. Also verify proper switching and loading of the standby diesel generators.

The following is the sequence of operator actions expected during the course of the events when
no immediate restart is assumed. The operator should:

e Verify that all rods are inserted;
e Follow the scram procedure;
e Check that diesel generators start and carry their assigned loads;

e Monitor reactor water level and pressure; verify that Control Rod Drive flow is
controlling water level,

e Use IC system to control pressure;
e Check turbine for proper operation of all auxiliaries during coastdown;

e Put the mode switch in the STARTUP position before the reactor pressure decays below
6 MPa (870 psig);

e Secure the IC when both reactor pressure and level are under control;
Systems Operation

This event, unless otherwise stated, assumes and takes credit for normal functioning of plant
instrumentation and controls, plant protection and reactor protection systems.
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The reactor is subjected to a complex sequence of events when the plant loses all auxiliary
power. Estimates of the responses of the various reactor systems provide the simulation
sequence shown in Table 15.2-21.

15.2.5.2.3 Core and System Performance

Figure 15.2-15 shows graphically the simulated transient. The initial portion of the transient is
similar to the load rejection transient. At 2 s the loss of the power generation busses signal
produces a Scram and activation of the ICs. At about 6 seconds the turbine bypass valves are
assumed no longer available to bypass the steam to the main condenser. The MSIV closure is
produced at 14 s due to low condense vacuum signal. The CRD high pressure injection is
initiated due to low water level (Level 2), but the HP_ CRD flow is delayed until diesel power is
available (145 seconds). In the case that HP_ CRD is unavailable for level control, the system
response is similar to the station blackout event described in Subsection 15.5.5, which
demonstrates that level can be maintained above the top of active fuel with the ICS as the
primary success path. In either case, there is no significant increase in fuel temperature. The
number of rods in boiling transition remains within the acceptance criterion for AOOs. Hence,
fuel thermal margins are not threatened and the design basis is satisfied. This event will be
reanalyzed for each specific core configuration.

15.2.5.2.4 Barrier Performance

Peak nuclear system absolute pressure at the vessel bottom remains below the ASME code upset
limit. Peak absolute pressure in the main steamline remains below the SRV setpoints.
Therefore, there is no steam discharged to the suppression pool.

15.2.5.2.5 Radiological Consequences

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.

15.2.5.3 Loss of All Feedwater Flow

Identification of Causes

A loss of FW flow could occur from pump failures, operator errors, or reactor system variables
such as a high vessel water level (Level 8) trip signal.

15.2.5.3.1 Sequence of Events and Systems Operation

Sequence of Events

Table 15.2-22 lists the sequence of events for Figure 15.2-16.

Identification of Operator Actions

The operator should ensure ICS actuation and CRD injection transfer to high pressure injection
mode so that water inventory is maintained in the reactor vessel. The operator should also
monitor reactor water level, the pressure control, and the TG auxiliaries during shutdown.
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The following is the sequence of operator actions expected during the course of the event when
no immediate restart is assumed. The operator should:

e Verify that all rods are inserted;

e Follow the scram procedure;

e Monitor reactor water level and pressure; verify that CRD flow is controlling water level;
e Verify IC system initiation; use the IC system to control pressure;

e Monitor turbine coastdown and break vacuum before the loss of steam seals (check
turbine auxiliaries for proper operation);

e  When desired, the RWCU/SDC system can be put into service.
Systems Operation

Loss of FW flow results in a reduction of vessel inventory, causing the vessel water level to
drop. The first corrective action is the loss of the power generation busses scram trip actuation.
This scram trip function meets the single-failure criterion.

15.2.5.3.2 Core and System Performance

The results of this transient simulation are presented in Figure 15.2-16. The initial water level is
assumed at the L4 level. Feedwater flow terminates, and the loss of the power generation busses
scram signal is assumed (with activation of the ICS simultaneously). Subcooling decreases,
causing a reduction in core power level and pressure. As the core power level is reduced, the
turbine steam flow starts to drop off because of the action of the pressure regulator in attempting
to maintain pressure. Water level continues to drop, and the vessel level (Level 3) scram trip
setpoint is reached. Note that the reactor has been scrammed previously. The vessel water level
continues to drop to Level 2. At that time, CRD high pressure injection and closure of all MSIV's
are produced (with 30 s delay). In the case that HP_ CRD is unavailable for level control, the
system response is similar to the station blackout event described in Subsection 15.5.5, which
demonstrates that level can be maintained above the top of active fuel with the ICS as the
primary success path. In either case, the number of rods in boiling transition remains within the
acceptance criterion for AOOs because increases in the heat flux are not experienced.
Consequently, this event does not need to be reanalyzed for specific core configurations.

15.2.5.3.3 Barrier Performance

The consequences of this event do not result in any temperature or pressure transient in excess of
the criteria for which the fuel, pressure vessel or containment are designed. Therefore, these
barriers maintain their integrity and function as designed.

15.2.5.3.4 Radiological Consequences

Because this event does not result in any fuel failures or any release of primary coolant to the
environment, there is no radiological consequence associated with this event.
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15.2.6 AOO Analysis Summary

The results of the system response analyses are presented in Table 15.2-5. Based on these
results, the limiting AOO events have been identified. The potentially limiting events that
establish the CPR operating limit are identified in Subsection 15.2.7.

For the core loading in Figure 4.3-1, the resulting initial core MCPR operating limit is 1.30,
using the methodologies listed in sections 4.4.3.1.3 and 4.4.2.1.3. The operating limit based on
the initial core design will be provided by the COL Applicant.

15.2.7 COL Information

The following potentially limiting AOOs will be evaluated for the (COL Applicant) initial and
(COL Holder) reload core designs:

e Loss of Feedwater Heating

e Closure of One Turbine Control Valve

e Generator Load Rejection with a Single Failure in the Turbine Bypass System
e Inadvertent Isolation Condenser Initiation

COL Applicant: Confirm the applicability of assumptions listed in Subsection 15.2.0.

15.2.8 References

15.2-1 GE Nuclear Energy, “TRACG Application for Anticipated Operational Occurrences
Transient Analysis” NEDE-32906P-A, Revision 1, April 2003.
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Table 15.2-1
Input Parameters And Initial Conditions Used In AOO and Infrequent Event

Analyses
Parameter Value

Thermal Power Level, MWt 4500
Core Flow, kg/s 10130
Steam Flow, kg/s (Mlbm/hr)

Analysis Value 2435 (19.3)
Feedwater Flow Rate, kg/s (Mlbm/hr)

Analysis Value 2429 (19.3)

Total Flow For All Pumps Runout, % of rated at 1065 psig 155 (164)

(At rated dome pressure, 1025 psig).

Feedwater Temperature, °C (°F)

Rated 216 (420)
FW Heating Temperature Loss 55.6 (100)
Vessel Dome Pressure, MPaG (psig) 7.07 (1025)
Vessel Core Pressure, MPaG (psig) 7.17 (1040)
Turbine Bypass Capacity, % of rated 110
Total Delay Time from TSV or TCV to the start of BPV Main 0.02
Disc Motion
Total Delay Time from TSV or TCV to 80% of Total Capacity 0.17
TCV Closure Times, s
Fast Closure Analysis Value (Bounding) 0.08
Assumed Slow Closure Analysis Value 25
TSV Closure Times, s 0.100
% of Rated Steam Flow That Can Pass Through 3 Turbine 85 (Partial Arc)
Control Valves
Core Coolant Inlet Enthalpy, kJ/kg
Rated Value 1195
Analysis Value 1193
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Input Parameters And Initial Conditions Used In AOO and Infrequent Event

Analyses
Parameter Value
Turbine Inlet Pressure, MPaG (psig) 6.57
Fuel Lattice N
Core Leakage Flow, % 94
MCPR Operating Limit 1.30

Control Rod Drive Position versus Time

Table 15.2-2 & 3

Nuclear Characteristics Used in TRACG Simulations Middle of Cycle and
End of Cycle
Safety Relief Valve (SRV) capacity, %NBR (103% 89.5

accumulation)(1)
At design pressure, MPaG (psig)

8.618 (1250)

Quantity Installed 18
Safety Function Delay, s 0.2
Safety Function Opening Time, s 1.5

Analysis values for SRV setpoints
Low Setpoint, MPaG (psig)

8.618 (1250)

High Setpoint, MPaG (psig) 8.756 (1270)
Closure Scram Position of 2 or More MSIVs, % open 85
Maximum delay time 0.06
MSIV Closure Times, s 3.0-5.0
High Flux Trip, % NBR, 125.0
Sensor Time Constant 0.03
TSV Closure Scram Position of 2 or more TSV, % open 85

Trip Time delay, s 0.06
TCV Fast Closure Scram Trip 0.08
High Pressure Scram, MPaG (psig). 7.619 (1105)
Maximum scram delay 0.7
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Table 15.2-1
Input Parameters And Initial Conditions Used In AOO and Infrequent Event

Analyses
Parameter Value

High Suppression Pool Temperature Scram trip, °C (°F), 48.9(120)
Maximum Delay Time 1.05
High Suppression Pool Temperature FAPCS actuation, °C (°F) 43.3 (110)
Vessel level Trips (above bottom vessel)

Level 9—(L9), m (in) 22.39 (881.5)

Level 8—(L8), m (in) 21.89 (861.8)

Level 4—(L4), m (in) 20.60 (811.2)

Level 3—(L3), m (in) 19.78 (778.7)

Level 2—(L2), m (in) 16.05 (631.9)

Level 1I—(L1), m (in) 11.50 (452.8)

Level 0.5 — (L0.5) m (in) 8.45 (332.7)
APRM Simulated Thermal Power Trip

Scram, % NBR 115

Time Constant, s 7
Total Steamline Volume, m? (ft?) 135 (4767)
CRD Hydraulic System minimum capacity, m’/hr (gpm), 235.1 (1035)

Capacity in kg/s for 990 kg/m’ density 64.6 kg/s
Maximum time delay from Initiating Signal (Pump 1 & 2), s 10 & 25's
If offsite power is not available 145 s

Isolation Condensers

Max Initial Temperature, °C (°F) 40 (104)
Minimum Initial Temperature, °C (°F) 10 (50)
Time To injection valve full open (Max) (2) 31 (1)
Heat Removal Capacity for 41Cs, MW (% Rated Power) 135 (3%)
Isolation Condensers volume, 4 Units, from steam box to 56.1 (1981)

discharge at vessel m’ (ft’)

(1) The SRV capacity used in the analysis is less than the ASME rated capacity noted in Table
5.2-2.

(2) In the analysis, after 1 s logic delay, the IC opening valve curve began to open at 15 s for a
total opening time of 30 s. For IICI the valve begins to open at 15 s with a opening time of 7.5 s.
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Table 15.2-2
CRD Scram Times for Vessel Bottom Pressures Below 7.481 MPa gauge (1085 psig)

Rod Scram Time (seconds)
Insertion | (After De-energization (0.05 s))

(%) Used in Analysis

0 0.0

10 0.34

40 0.80

60 1.15

100 2.23

Table 15.2-3

CRD Scram Times for Bottom Vessel Pressures Between 7.481 MPa gauge (1085 psig) and
8.618 MPa gauge (1250 psig)

Rod Scram Time (seconds)
Insertion | (After De-energization (0.05 s))

(%) Used in Analysis

0 0.0

10 0.37

40 0.96

60 1.36

100 2.95
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Table 15.2-4

Sequence of Events for Loss of Feedwater Heating

Time (s) Event

0 Initiate a 55.6°C (100°F) temperature
reduction in the FW system.

22.7 (est) |RC&IS initiates Selected Control Rod
Run-In and Selected Rod Insertion
(SCRRI/SRI)

24 (est.) |Initial effect of unheated FW starts to
raise core power level.

24.0 First SRI group inserts (one HCU, 2
control rods, fails to actuate) and
SCRRI start insertion

34.0 Second SRI group inserts

44.0 Third SRI group inserts

54.0 Fourth SRI group inserts

90.0 Steam flow below 60% of rated

134.0 SCRRI/SRI groups totally inserted

140.0 Power below 60% of rated

250.0 (est.) |Reactor variables settle into new steady
state.

* See Figure 15.2-1. This Figure has 20 s of steady state, a time of 0 s on the table corresponds
to 20 s on the figure
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Table 15.2-5
Results Summary of Anticipated Operational Occurrence Events
ACPR/IC
Max. Max. Core | PRor
Max. Dome Max. Vessel Max. Average | Minimu
Sub- Neutron | Pressure, Bottom Steamline Surface |m Water
section Flux, MPaG Pressure, Pressure, | Heat Flux, | Level (m
LD. Description % NBR (psig) MPaG (psig) | MPaG (psig) | % of Initial jover TAF)
15.2.1.1 | Loss of Feedwater 100.2 7.08 7.21 7.04 100 0.04
Heating (1027) (1046) (1024)
15.2.2.1 | Closure of One Turbine 124 7.20 7.33 7.16 102 0.04
Control Valve. (1043) (1063) (1038)
FAST/SLOW 112 7.20 7.33 7.16 102 0.03
(1043) (1063) (1038)
15.2.2.2 | Generator Load 135 7.15 7.29 7.28 102 0.03
Rejection with Turbine (1037) (1057) (1056)
Bypass
15.2.2.3 | Generator Load 168 7.39 7.53 7.39 103 0.03
Rejection with a Single (1072) (1091) (1070)
Failure in the Turbine
Bypass System
15.2.2.4 | Turbine Trip with 120 7.12 7.26 7.20 101 0.02
Bypass (1033) (1053) (1043)
15.2.2.5 | Turbine Trip with a 146 7.37 7.50 7.37 102 0.02
Single Failure in the (1069) (1088) (1067)
Turbine Bypass System
15.2.2.6 | Closure of One MSIV 114 7.16 7.30 7.13 101 0.02
(1038) (1059) (1033)
15.2.2.7 | Closure of All MSIV 103 7.76 7.89 7.76 100 <0.01
(1126) (1143) (1126)
15.2.2.8 | Loss of Condenser 110 7.11 7.26 7.20 100 <0.01
Vacuum (1031) (1053) (1044)
15.2.2.9 | Loss of Shutdown {--} {--} {--} {--} {--} {--}
Cooling Function of
RWCU/SDC
15.2.4.1 | Inadvertent Isolation 113 7.08 7.22 7.04 109 0.08
Condenser Initiation (1027) (1047) (1021)
15.2.4.2 | Runout of One 103 7.08 7.22 7.05 100 <0.01>
Feedwater Pump (1027) (1047) (1023)
15.2.5.1 | Opening of One Turbine 102 7.08 7.21 7.04 100 <0.01
Control or Bypass Valve (1027) (1046) (1021)
15.2.5.2 | Loss of Non-Emergency | 136 7.13 7.28 7.28 102 5.40 m"
AC Power to Station (1035) (1056) (10546)
Aucxiliaries
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Table 15.2-5
Results Summary of Anticipated Operational Occurrence Events
ACPR/IC
Max. Max. Core | PRor
Max. Dome Max. Vessel Max. Average | Minimu
Sub- Neutron | Pressure, Bottom Steamline Surface |m Water
section Flux, MPaG Pressure, Pressure, | Heat Flux, | Level (m
L.D. Description % NBR (psig) MPaG (psig) | MPaG (psig) | % of Initial jover TAF)
15.2.5.3 | Loss of Feedwater Flow 100 7.08 7.21 7.04 100 5283 m
(1027) (1046) (1021)

(1) The SCRRI/SRI is not credited. This is a conservative assumption..
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Table 15.2-6

Sequence of Events for Fast Closure of One Turbine

Control Valve
Time (s) Event*
0 Simulate one main TCV to fast close
0 Failed TCV starts to close
0.08 TCV closed
1.13 Turbine bypass valves start to open
30.0 New steady state is established
* See Figure 15.2-2.
Table 15.2-7

Sequence of Events for Slow Closure of One Turbine

Control Valve

Time (s) Event*
0 Simulate one main TCV to slow close
0 Failed TCV starts to close
2.5 TCV closed
2.9 Turbine bypass valves start to open
30.0 New steady state is established

* See Figure 15.2-3.
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Table 15.2-8

Sequence of Events for Generator Load Rejection with Turbine Bypass

Time (s) Event*
-0.015 Turbine-generator detection of loss of electrical load
0.0 Turbine-generator load rejection sensing devices trip to initiate TCVs fast
closure and main turbine bypass system operation
0.02 Turbine bypass valves start to open
0.08 Turbine control valves closed

0.17 Turbine bypass opened at 80%

1.0 First SRI group inserts (one HCU, 2 control rods, fails to actuate) and
SCRRI start insertion

10.0 Second SRI group inserts

20.0 Third SRI group inserts

30.0 Fourth SRI group inserts

50.0 Steam flow below 60% of rated
0.20 SCRRI activated

111.0 SCRRI groups totally insertion

140 Core power reaches 60%

0.0-200.0 | FW temperature is decreasing because of loss of turbine extraction steam
to FW heaters

300 New steady state is established

* See Figure 15.2-4.
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Table 15.2-9
Sequence of Events for Generator Load Rejection with a Single Failure in the

Turbine Bypass System

Time (s) Event*
-0.015 Turbine-generator detection of loss of electrical load

0.0 Turbine-generator load rejection sensing devices trip to initiate TCV's fast
closure and main turbine bypass system operation

0.02 Turbine bypass valves start to open (Half fail to open)

0.08 Turbine control valves closed

0.20 Not enough turbine bypass availability is detected and the plant is
scrammed

0.45 Control Rods begin to enter in the core

2.90 L3 level is reached

Long term | L2 is not reached, new steady state

* See Figure 15.2-5.
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Table 15.2-10

Sequence of Events for Turbine Trip with Turbine Bypass

Time (s) Event *
0.0 Turbine trip initiates closure of main stop valves.
0.0 Turbine trip initiates bypass operation.
0.02 Turbine bypass valves start to open to regulate pressure.
0.10 Turbine stop valves closed

0.17 Turbine bypass opened at 80%
0.20 SCRRI/SRI activated

1.0 First SRI group inserts (one HCU, 2 control rods, fails to actuate) and
SCRRI start insertion

10.0 Second SRI group inserts

20.0 Third SRI group inserts

30.0 Fourth SRI group inserts

50.0 Steam flow below 60% of rated
111.0 SCRRI groups totally inserted

140. Core power reaches 60%

0.0-200.0 | FW temperature is decreasing because of reduced turbine steam flow

200 New steady state is established

* See Figure 15.2-6.
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Table 15.2-11

Sequence of Events for Turbine Trip with a Single Failure in the Turbine Bypass

System
Time (s) Event *

0.0 Turbine trip initiates closure of main stop valves.

0.0 Turbine trip initiates bypass operation.

0.02 Turbine bypass valves start to open to regulate pressure (Half fail to
open).

0.1 Turbine stop valves closed.

0.20 Not enough turbine bypass availability is detected and the plant is
scrammed

0.45 Control Rods begin to enter in the core.

Long term | L2 is not reached, new steady state (1)L2 is reached and HP_CRD is

activated to recover the level

* See Figure 15.2-7.
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Table 15.2-12

Sequence of Events for Closure of one MSIV

Time (s) Event *
0.0 Closure of one MSIV.
2.0 Maximum neutron flux
2.8 Turbine Bypass open.
3.0 MSIV is closed
40.0 New steady state is reached

* See Figure 15.2-8.

Table 15.2-13
Sequence of Events for Closure of all MSIV

Time (s) Event *

0.0 Closure of all MSIVs (MSIV).

0.78 MSIVs reach 85% open.

0.85 MSIVs position trip scram initiated.
1.82 IC initiated

2.84 L3 is reached
3.0 MSIVs are closed

4.30 Reactor pressure reaches its peak value.
20.1 L2 is reached

30.1 HP_CRD is initiated

31.82 The ICs valves are fully open .

Long term The FW is available for a period of time to control the
Water Level in vessel.

* See Figure 15.2-9.
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Table 15.2-14

Typical Rates of Decay for Loss of Condenser Vacuum

Cause Estimated Vacuum Decay Rate
Failure of Isolation of Steam Jet 1 inch/minute
Air Ejectors
Loss of One or More Circulating 0.5 inch/s
Water Pumps
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Table 15.2-15

Sequence of Events for Loss of Condenser Vacuum

Time (s) Event *
-3.0 Initiate simulated loss of condenser vacuum trip.
0.0 Low condenser vacuum main turbine trip and Scram
actuated.
0.02 Turbine bypass valves start to open to regulate pressure.
0.1 Turbine stop valves close.
0.20 Scram initiated
2.4 Turbine Bypass initiates closure, because of low vessel
pressure
6.0 Low condenser vacuum forces main turbine bypass valve
closure.
6.5 Bypass valve is closed
8.0 Low condenser vacuum initiates MSIV closure.
8.8 MSIV closure initiates IC (85% position).
9.8 IC is activated (1 s delay from MSIV closure signal)
14.60 L2 water level is reached.
24.8 HP_CRD is activated
39.8 The ICs valves are fully open
Long term The FW is available for a period of time to control the
Water Level in vessel.

* See Figure 15.2-10.
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Table 15.2-16

Trip Signals Associated With Loss of Condenser Vacuum

Vacuum

(cm (in) of Hg)

Protective Action Initiated

5.2-9.1 (2-3

.6) | Normal Vacuum Range

17.8-25.4 (7-10) | Main Turbine Trip (Stop Valve Closure) & Scram

50.8-58.4 (20-23)

MSIV Closure and Turbine Bypass Valve Closure

Table 15.2-17

Sequence of Events for Inadvertent Isolation Condenser

Initiation
Time (s) Event *

10 Simulate IC cold water injection.

25 IC drainage valve begins to open
32.5 IC drainage valve is fullyopen
=50 Full power established for IC.
~200 MCPR is recovered
=300 Power increase effect stabilized.

* See Figure 15.2-11.
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Table 15.2-18
Single Failure Modes for Digital Controls
Modes Description Effects
1 Critical input failure None—Signal from redundant transmitter is
p utilized—Operator informed of failure
) Input failure while one sensor Possible system failure. Adverse effects
out of service minimized when possible
Operator hardwired switch
single contact f‘al‘lqre'for critical None--Triplicated contacts are used for hardwired
manual FTDC initiation . . . o\ R
3 . switches associated with critical manual initiation
functions (e.g. for the Manual functions
Feedwater Runback initiation
pushbuttons)
. None—Redundant processors maintain control;
4 Processor channel failure . )
Operator informed of failure
Operating channel processor System failure; operator alarm activated and if
5 failure while another channel is | needed, mitigating function of another system is
failed or has been taken out of activated such as Main Turbine Trip initiation
service upon SBPC system failure detection
Loss of one output associated with the control of
an actuator (e.g. loss of FWCS Low Flow Control
Valve position demand signal). When practical,
actuator lockup output from a separarate
Hardware/Firmware Output module is activated to
6 Harware/Firmware Output minimize the plant disturbance; or redundant
module failure FTDC actuator output signals are provided with
internal voting logic in the actuator equipment
itself so that there will be no system disturbance
because each of the redundant actuator signals are
provided from separate Hardware/Firmware
Output modules.
7 Actuator failure Loss of control of one actuator (e.g. loss of speed

control of one FW Pump ASD only).
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Table 15.2-19
Sequence of Events for Runout of One Feedwater Pump
Time (s) Events *
0 Initiate simulated increase in speed of one FW pump. The maximum pump
flow is 75% at rated conditions.
~0.1 Feedwater controller starts to reduce the FW flow from the FW pumps.
6.0 Vessel water level reaches its peak value and starts to return to its normal
' value.
21.0 .
(est) Vessel water level returns to its normal value.

* See Figure 15.2-13.

Table 15.2-20

Sequence of Events for Opening of one Turbine Control or Bypass Valve

Time (s) Events *
0 One Turbine Bypass opens
~0.1 TCYV closes slightly to control pressure
30.0 New steady state is established

* See Figure 15.2-14.
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Table 15.2-21

Sequence of Events for Loss of Non-Emergency AC Power to Station Auxiliaries

Time (s) Event *
0.0 Loss of AC power to station auxiliaries, which initiates a generator trip.
0.0 Additional Failure assumed in transfer to "Island mode", Feedwater, condensate

and circulating water pumps are tripped.

0.0 Turbine control valve fast closure is initiated.
0.0 Turbine control valve fast closure initiates main turbine bypass system
operation.
0.0 Feedwater and condenser pumps are tripped.
0.02 Turbine bypass valves start to open.
0.08 Turbine control valves closed.
200 Loss of power on the four power generation busses is detected and initiates a
reactor scram and activation of ICs with 1 s delay.
5.0 Feedwater flow decay to 0.
6.0 Low condenser vacuum setpoint is detected and initiates turbine bypass closure.
6.0 Loss of condenser Vacuum rate is reduced due to bypass valve closure
6.5 Vessel water level reaches Level 3
10.0 Vessel water level reaches Level 2.
14.0 Low-Low condenser vacuum signal closes the MSI valves .
18.0 ICs begins to drop cold water inside the vessel
33.0 ICs drainage valve is fully open
145.0 HP_CRD injection mode is initiated.
~100 The level recovers above 13 m

~550-600 The level recovers above 15 m

* See Figure 15.2-15. This Figure has 50 s of steady state to change the initial water level to L4,
a time of 0 s on the table corresponds to 50 s on the figure.

(1) Conservatively the insertion of the first SRI previous to the SCRAM is not credited.
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Table 15.2-22

Sequence of Events for Loss of All Feedwater Flow

Time (s) Event *
0 Trip of all FW pumps initiated.
20 Non FW flow availability initiates reactor scram and
' initiates IC with 1 s delay
5.0 Feedwater flow decays to zero.
10 Vessel water level reaches Level 2.
18.0 ICs begins to drop cold water inside the vessel
20.0 HP_CRD injection mode is initiated.
33.0 The ICs drainage valves are fully open
40.0 MSIV closure.
~80 The level recovers above 13 m
~500 The level recovers above 15 m

* See Figure 15.2-16. This Figure has 50 s of steady state to change the initial water level to L4,
a time of 0 s on the table corresponds to 50 s on the figure.
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Figure 15.2-1a. Loss of Feedwater Heating
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Figure 15.2-1b. Loss of Feedwater Heating
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Figure 15.2-3d. Slow Closure of One Turbine Control Valve
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Figure 15.2-3f. Slow Closure of One Turbine Control Valve
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Figure 15.2-4b. Generator Load Rejection with Turbine Bypass
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Figure 15.2-4d. Generator Load Rejection with Turbine Bypass
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Figure 15.2-4e. Generator Load Rejection with Turbine Bypass
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Figure 15.2-4f. Generator Load Rejection with Turbine Bypass
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Figure 15.2-4g. Generator Load Rejection with Turbine Bypass
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Figure 15.2-5a. Generator Load Rejection with a Single Failure in the Turbine Bypass
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Figure 15.2-5b. Generator Load Rejection with a Single Failure in the Turbine Bypass
System
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Figure 15.2-7b. Turbine Trip with a Single Failure in the Turbine Bypass System
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Figure 15.2-7d. Turbine Trip with a Single Failure in the Turbine Bypass System
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Figure 15.2-13b. Runout of One Feedwater Pump
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Figure 15.2-13f. Runout of One Feedwater Pump
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Figure 15.2-13g. Runout of One Feedwater Pump

15.2-92




26A6642BP Rev. 03
ESBWR Design Control Document/Tier 2

TEJO$DKB100:[ESBWR.AOOSDCD3.01BPV]O1BPV_MOC_GRIT.CDR;1
Proc.ID:2040051A ESBWR Design Control Document

22-ene-2007 9:54:42
140

- 80
Q
s
14
N
o
= 60 —e—Total Power (%) H
—&— Sim. Thermal Power (%)
—+— Core Flow (%)
40 —a&— Feedwater Flow (%) L
—%— Steamflow (%)
Turbine Steam Flow (%)
------ High neutron flux SCRAM Setpoint
20 — - — - High Thermal Flux SCRAM Setpoint [
0 T T
0.0000 10.0000 20.0000 30.0000 40.0000 50.0000 60.0000

Time (sec)

Figure 15.2-14a. Opening of One Turbine Control or Bypass Valve
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Figure 15.2-14b. Opening of One Turbine Control or Bypass Valve
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Figure 15.2-14c. Opening of One Turbine Control or Bypass Valve
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Figure 15.2-14d. Opening of One Turbine Control or Bypass Valve
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Figure 15.2-14e. Opening of One Turbine Control or Bypass Valve
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Figure 15.2-14f. Opening of One Turbine Control or Bypass Valve
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Figure 15.2-15b. Loss of Non-Emergency AC Power to Station Auxiliaries
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Figure 15.2-15d. Loss of Non-Emergency AC Power to Station Auxiliaries
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Figure 15.2-15f. Loss of Non-Emergency AC Power to Station Auxiliaries
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Figure 15.2-16a. Loss of All Feedwater Flow
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Figure 15.2-16b. Loss of All Feedwater Flow
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Figure 15.2-16d. Loss of All Feedwater Flow
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Figure 15.2-16f. Loss of All Feedwater Flow
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Figure 15.2-16h. Loss of All Feedwater Flow (Figure 15.2-16a from 50 to 70 s)
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15.3 ANALYSIS OF INFREQUENT EVENTS

Appendix 15A provides a determination of event frequency to categorize AOOs as defined in 10
CFR 50 Appendix A, and Infrequent Events. Section 15.0 describes the licensing basis for this
categorization.

The assumptions of Subsection 15.2.0 and Tables 15.2-1, 2 and 3 are applied in the TRACG
calculations in Subsection 15.3.1, 2, 3,4, 5, 6, 13, 14 and 15.

15.3.1 Loss Of Feedwater Heating With Failure of Selected Control Rod Run-In

15.3.1.1 Identification of Causes

A feedwater (FW) heater can be lost in at least two ways:
e Steam extraction line to heater is closed; or
e FW is bypassed around heater.

The first case produces a gradual cooling of the FW. In the second case, the FW bypasses the
heater and no heating of the FW occurs. In either case, the reactor vessel receives colder FW.
The maximum number of FW heaters that can be tripped or bypassed by a single event
represents the most severe event for analysis considerations.

The ESBWR is designed such that no single operator error or equipment failure shall cause a loss
of more than 55.6°C (100°F) FW heating. The reference steam and power conversion system
shown in Section 10.1 meets this requirement. In fact, the FW temperatur