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Important Notice Regarding
Contents of this Report

Please Read Carefully

A. Disclaimer

The only undertakings of the General Electric Company (GE) respecting
information in this document are contained in the respective contracts between GE
and the individual utility members of the Boiling Water Reactor Owners' Group
(BWROG) as implemented through the Standing Purchase Orders for the
participating utilities at the time this report is issued, and r-thing contained in this
document shall be construed as changing the contracts. The use of this
information by anyone other than the BWROG participating utilities, or for any
purpose other than that for which it is intended, is not authorized: and with respect
to any unauthorized use, GE makes no representation or warranty, express or
implied, and assumes no liability (for example, no liability related to nuclear
damage) including no liability as to the completeness, accuracy, or usefulness of
the information contained in this document, or that its use may not infringe
privately owned rights.

B. Participation and Ownership

This document was prepared by and for the BWR Owners' Group Enhanced
Option I-A Committee. In accordance with established BWROG procedures, use
of the information in this report is limited to the participating utilities that have
sponsored this activity. The participating utilities of the Enhanced Option I-A
Commuttee are identified below:

Boston Edison Company

Entergy

Northeast Utilities Services Company
PECO Energy

Employees of Entergy and PECO Energy have substantially contributed to
this report, including the core boiling boundary stability control described in this
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document. GE has been informed that these Entergy and PECO Energy employees
have applied for a patent on application of core boiling boundary as a stability
control. The boiling boundary stability control is included in this document with
permussion of Entergy and PECO Energy.

A best-estimate frequency domain stability code, which is proprietary to GE,
has been utilized in performing analysis in support of the Enhanced Option I-A
stability solution. The results from this code are not proprietary to GE and are
reported herein. However, the description of this code, which was requested by
the NRC, is proprietary to GE and is provided separately as a Class !l supplement
to NEDO-32339,
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ABSTRACT

BWR cores are susceptible to coupled neutronic/thermal-hydraulic reactor
instabilities in certain portions of the core power/flow operating domain. General
Design Criterion 12, which requires that established fuel thermal limits not be
violated as a result of such instabilities, can be complied with by preventing them
altogether. Stability Long-Term Solution Option I-A was developed to provide a
methodology for prevention of reactor instabilities. However, several concerns
were identified with Option I-A by the NRC.

Enhancements to Option I-A have been developed to address these concerns.
A stability control that limits the destabilizing effects of highly skewed core power
distributions is defined and demonstrated to assure the conservative nature of the
boundary to the region susceptible to reactor instabilities.  The use of
appropriately qualified stability codes permits meaningful validation of the
solution methodology for reasonably limiting events as reflected in the plant initial
application and fuel cycle reload review procedures. The result is a process that
(1) accounts for all reactor parameters important to stability, (2) can be applied to
any fuel design, and (3) defines regions that are insensitive to normal fuel cycle
variations in core design. Finally, the concept of defense-in-depth is introduced
into the stability solution. An instability detection system, mandated operator
actions, and specific changes to reactor trip setpoints provide diverse protection
and remove reliance on a single system or methodology.

These enhancements are integrated into a robust and complete stability
solution methodology, henceforth referred w as Enhanced Option [-A.
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Analytical Region
Boundary

Boundary Generation
Stability Criteria

Boundary Validation

Boundary Validation
Stability Criterion

Core Average Boiling
Boundary (Zy;,)

Current Cycle (CC)

Defense-in-Depth
Methoaology

DEFINITIONS

A set of state conditions, which accounts for setpoint
uncertainty, where validation analysis is performed
to confirm the nominal region boundary.

A set of core and hot channel decay ratio values that
provide the basis for defining stability region
boundaries considering both core-wide and regional
mode instabilities.

The process of confirming the adequacy of a
nominal region boundary by performing stability
analysis at the corresponding analytical boundary
using a best-estimate stability code applied to the
Current Cycle design.

A set of decay ratio values that provide the basis for
validating stability region boundaries against both
core-wide and regional mode instabilities using a
best-estimate stability code. This criierion is code
specific and  incorporates the  appropriate
calculational uncertainties.

The elevation in the reactor core at which the core
average bulk coolant reaches saturation.

The actual reload fuel cycle design that is used in the
region boundary validation process to ensure that the
existing region boundaries are acceptable for use in
the new fuel cycle.

A set of solution design features that provides
significant diverse protection beyond the licensing
methodology from unanticipated and hypothetical
precursors to reactor instability. Defense-in-depth
methodology features are not required to
demonstrate protection of the MCPR Safety Limit.

XXl
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Demonstration
Validation Matrix

(DVM)

Exclusion Region

Exclusion Region Flow
Clamp

Flow-Biased Neutron
Flux Scram and Contrel
Rod Block Functions

A set of steady-state and transient conditions used to
validate the region boundaries for a demonstration
plant. The DVM analysis conditions result from an
active search for limiting stability conditions.

The area of the licensed core power-flow operating
domain where the reactor is susceptible to reactor
instabilities.

An upper core flow bound to the Exclusion Region
which is generically set at 40% of rated core flow.

The flow-biased neutron flux scram and control rod
block fuactions generate reactor trip and control rod
block signals that are a function of recirculation
drive {low. When the APRM signal is equal to the
corresponding core  flow-biased trip reference
sctpoints, the protection function occurs.  The
APRM signal is representative of core average
neutron flux. Some plant applications of the flow-
biased neutron flux scram function include a filter of
the APRM signal, which is considered to simulate
the average core thermal power. However, for the
purposes of the Enhanced Option I-A stability
solution description, the APRM signal is referred to
as neutron flux, regardless of any filtering that may
oceur.

The flow-biased neutron flux scram function
provides automatic protection of the Exclusion
Region boundary by immediate insertion of all
control rods. The flow-biased neutron flux control
rod block function provides automatic protection of
the Restricted Region boundary by preventing
withdrawal of any control rod.
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Flow-Biased Scram
Clamp

Flow Control Trip
Reference Card
(FCTRC)

Hi Decay Ratio Alarm

Hi-Hi Decay Ratio
Alarm

Initial Validation
Matrix (IVM)

Licensing Methodology

Monitored Region

Nominal Region
Boundary

A clamp on the core flow-hiased neutron flux scram
function of the neutron monitoring system (NMS)
above the highest licensed operating flow-control
line in the Restricted Region.

A card in the NMS that generates core flow-biased
neutron flux and control rod block trip reference
setpoints based on the reactor recirculation drive
flow signal.

An optional automatic alarm generated by the PBDS
that can be used to indicate a reduction in core
stability margin.

An automatic alarm generated by the PBDS
indicating that an unacceptable loss of stability
margin has occurred. Immediate manual reactor
scram is required upon receipt of the alarm.

A set of reasonably limiting steady-state and
transient conditions used to validate new region
boundaries for specific plant application. The IVM
is a subset of the DVM where non-limiting DVM
state points are excluded.

A set of solution design features that provide
automatic protection of the MCPR Safety Limit for
anticipated reactor instability events.

The area of the licensed core power/flow operating
domain where the reactor is susceptible to reactor
instabilities under conditions exceeding the licensing
basis of the current reactor system.

Region boundaries that are used to establish actual
be indary setpoints and are determined based on the
r~ference Cycle (RC) design.
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Period-Based Algorithm
(PBA)

Period-Based Detection
System (PBDS)

Power Oscillations

Reactor Instability

A neutron flux noise analysis technique based on the
discrimination of confirmed power oscillation
periods in LPRM signals.

A defense-in-depth feature that uses LPRM detectors
and the Period-Based Algorithm to detect reductions
in reactor stability margin. The PBDS automarically
generates a Hi-Hi Decay Ratio alarm and an optional
Hi Decay Ratio alarm.

Periodic time varying changes in global or regional
core power which are excited by disturbances to the
core state parameters that can be random in nature or
caused by oscillating control systems. The power
oscillations can decay in time, maintain limit cycle
behavior, or grow, depending on the stability of the
reactor system.

Power oscillations that challenge the MCPR safety
limit occur under conditions of reactor coupled
neutronic/thermal-hydraulic instability. Under these
conditions, core power oscillations are either
growing or have converged to limit cycle oscillations
due to the non-linearities in the system dynamics.

Power oscillations that are present in a stable reactor
decay in time and are not considered to challenge the
MCPR safety limit.

The condition where power oscillations are either
growing or have achieved limit cycle oscillations.




NEDO-32339

Reasonably Limiting
Conditions

Reference Cycle (RC)

Region Boundary
Setpoint Setup

Region Boundary
Setpoint Uncertainty

Reload Validation
Matrix (RVM)

Restricted Region

Restricted Region Entry
Alarm

A set of generically defined conditions that are
limiting relotive to expected steady-state and
transient operating conditions, but are not
necessarily bounding.  These conditions were
established based on validation feasibility analysis
for the demonstration plant.

A cycle design which is used to determine the
nominal stability region boundaries, and which is
designed to envelope the stability performance of
anticipated future plant-specific fuel cycle designs.

A FCTRC feature that sets up the Restricted Region
and lower portion of the Exclusion Region
boundaries to higher power setpoints to permit
required reactor maneuvering in the Restricted
Region under controlled conditions.

Power and flow uncertainties associated with
instrument drift and calibration uncertainty at a
stability region boundary.

A set of reasonably limiting steady-state and
transient conditions used to validate existing stability
region boundaries for a plant-specific fuel cycle.
The RVM is a subset of the IVM where non-limiting
IVM state points are excluded.

The area of the licensed core power/flow operating
domain where the reactor is susceptible to reactor
instabilities in the absence of restrictions on core
power distributions.

An automatic alarm generated by the flow-biased
control rod withdrawal block function upon
inadvertent entry into the Restricted Region.
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Stability Control
(Fraction of Core
Boiling Boundary -
FCBB)

Standard Cycle (SC)

A licensing methodology feature required for
controlled operation in the Restricted Region. The
stability control ensures the validity of the Exclusion
Region boundary with respect to core power
distributions.  Adherence to the FCBB limit
maintains the core average boiling boundary greater
than a predetermined value above active fuel bottom
and provides significant reactor stability margin.

A cycle design that consists of a predetermined,
generic fuel design common to all plant applications
and a core configuration that is plant-specific. The
SC design is used in the initial application process of
the Enhanced Option I-A stability solution.

KXvill
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1. INTRODUCTION

1.1 Background

Under certain conditions, boiling water reactors (BWRs) are susceptible to
coupled neutronic/thermal-hydraulic instabilities. Such instabilities, which are
characterized by periodic core power and hydraulic oscillations, can compromise
established fuel safety limits. Operational events and analytical studies have
revealed that for most plants, existing neutron monitoring features of the reactor
protection system do not assure automatic protection against this class of events.
The stability Long-Term Solution (LTS) Option I-A, as described in the Licensing
Topical Reports NEDO-31960 (Reference 1) and NEDO-31960 Supplement 1
(Reference 2), was intended to preclude reactor operation under conditions where
coupled neutronic/thermal-hydraulic instabilities are possible. In this manner,
compliance with GDC-10 and 12 of 10CFR50.55 Appendix A would be
demonstrated.

The NRC has reviewed the description of LTS Option I-A documented in
Referenses 1 and 2, and provided feedback to the BWROG in the form of an SER
(Reference 3) indicating that the general approach adopted in Option I-A was
acceptuble, with the following exceptions. First, core power distributions, during
reactor operation near the Exclusion Region boundary, should be "...consistent
with the assumptions of the exclusion boundary analysis...". Second, "...exclusion
boundary setpoints should be sufficiently bounding to avoid [routine] changes on a
cycle-by-cycle basis.”" Third, "specific reload confirmation procedures should be
developed...[for use during each reload to]..confirm the applicability of old
exclusion region settings or set a new exclusion region boundary."

LTS Option 1-A originally provided the potential for an efficient and
effective solution to the BWR stability issue. However, the NRC feedback
described above indic.t»d that the solution required further development. To
preserve the iustability prevention approach as a means for compliance with
GDC-12, the NRC concerns delineated above require resolution.

1-1
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1.2 Enhancements to Option I-A

'he fundamental procedure, based on the FABLE/BYPSS stability code, for
generating stability region boundaries was developed as descnibed 1n Reference |
and found to be generally acceptable by the NRC. It is therefore appropniate to
maintain the process as the foundation for this stability solution. However the
impact of anticipated core power shapes on the FABI E/BYPSS procedure, which
incorporates generically defined power distributions, must be examined in light of
the issues raised in Reference 3. The effects of anticipated power distributions on
an instability prevention solution can be resolved in one of two manners ['he s1ze
of the reactor power/flow operating region susceptible to instabilities (Exclusion
Region) can be increased to accommodate the destabilizing effects of any powe
shapes that may occur dunng reactor operation lhis approach vields
unacceptably large regions that inhibit necessary reactor mancuvernng and can
cause an increase in the number of unnecessary reactor scrams. Therefore, a better
approach is to limit core power distributions near the stability Exclusion Region
boundary to those that are consistent with the methodology used to generate that
boundary. Development of this approach has resulted in an effective means to
control the impact of core power distribution on reactor stability Application of
this control provides reasonable assurance that reactor operations outside the

Exclusion Region remain stable

\ new region is defined outside the Exclusion Region (i.e., the Restricted
Region) where stability controls are required. The optimized xclusion Region
can be based on the original FABLE/BYPSS methodology because of the
stabilizing influence of controlled power distributions that are enforced at its
boundary lhe application of stability controls results in improved stability
performance outside the Exclusion Region and allows optimization of the
Exclusion Region size. Taken together, the Exclusion and Restricted Regions
form a progressive, layered approach to instability prevention that i1s consistent
with the graduated susceptibility to reactor instability within the reactor operating

domain

The development and confirmation of the new reactor stability control 1s
:
made possible through the use of a more advanced frequency domain stability

code than FABLE/BYPSS. This advanced type of code permits improved analysis
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of certaia core configurations, in particular those which result in limiting stability
performance. In addition, the reactor stability control concept can be used not
only to generate stable reactor conditions, but also to identify which core power
distributions exhibit limiting stability performance. Combined with the use of
appropriately qualified stability codes, it permits plant-specific validation of all
stability regions to ensure that the stability region setpoints are properly
determined. These same tools are used in the initial application and reload review

process to generate and validate plant-specific region boundaries
1.3 Defense-in-Depth

Coupled neutronic/thermal-hydraulic core instability in BWR reactors 1s a
complex phenomenon. Because of the intricate relationship among the many
parameters that influence reactor core stability, analysis of realistic rcactor state
conditions does not vield precise results. Furthermore, the definition of credible
events and conditions that yield limiting stability performance is exceedingly

difficult and always subjective

To address “'.., issue, significant defense-in-depth features are incorporated
into the solution. A Period-Based Detection System (PBDS) that is based on the
Period-Based Algorithm (PBA) described in References 1 and 2 is introduced
Ihis system provides an effective stability deiection capability that has
significant'y faster response characteristics than conventional stability monitors
'he stability detection system functions in an operating domain region (1.¢., the
Monitored Region) that not only encompasses the previously described regions,
but also extends out to include all core power and flow states that could
hypothetically result in instabilities. In addition, the flow-biased neutron flux
scram setpoints are also adjusted downward i certain areas of the operating
domain to provide backup protection against unanticipated combinations of
limiting transients that may significantly affect stability margin. Finally uniquely
defined operator actions are provided for response to unanti~ipated situations. The
defense-in-depth features are not part of the licensing methodology. They are
incorporated into the solution to provide substantial protection from unanticipated
reactor state conditions and transients. These features, which exist in a backup

role to the licensing methodology, provide additional assurance for prevention of
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reactor instabilities. All defense-in-depth features are required in the
implementation of this solution.

1.4 Implementation

Incorporation of a long-term stability solution into existing operating reactors
must accommodate necessary interfaces with installed control systems. Some
plants, especi- y the older generation product-lines, have instrumentation and
control syst as that although highly reliable, are not designed to current
specificati -, (Class 1E). It is therefore not possible to generically construct an
entire stability solution that contains only the latest design configurations for
application to all plants. In view of this situation, special features are added to the
stability hardware design to compensate for non-Class 1E interfaces with the
existing control sysiems, These features in concert with the defense-in-depth
measures, provide reasonable assurance that anticipated hardware failures will not
prevent the stability solution from performing its intended function.

1.5 Summary and Conclusions

Integrating all the licensing and defense-in-depth enhancements into a
progressive, multi-region protection scheme provides significantly improved
protection against reactor instabilities compared with the mitial Option I-A
stability solution (Reference 1). The robust nature of these enhancements also
provides assurance of substaatial protection against all contempiated core
instability scenarios. As a result, the enhanced design resolves all concerns raised
in the SER (Reference 3), and complies with the requirements of GDC-12.

This document describes in detail the nature of the enhancements to the LTS
Option I-A solution described in References | and 2, and is henceforth referred to
as Enhanced Option I-A. The general features and icgions of Enhanced Option
I-A are illustrated in Figure 1-1.

From a licensing methodology perspective, the Exclusion Region
encompasses the core power and flow conditions susceptible to reactor instability.
This region is therefore excluded from the licensed operating domain, and its
boundary i1s automatically enforced by a flow-biased neutron flux scram. To

1-4
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ensure the validity of this region boundary with respect to the anticipated spectrum
of core power distributions, stability controls are required in the Restncted
Region. The Restricted Region boundary is automatically enforced by a flow
biased neutron flux control rod withdrawal block. The control rod withdrawal
block can be temporanily set up to permit entry into the region if stability controls

are enforced

The defense-in-depth Period-Based Detection System (PBDS) operates
inside the Monitored and Restricted Regions. In addition, the flow-biased neutron
flux scram setpoint is adjusted downward above the Restricted Region to provide
additional protection against unanticipated combinations of transients at high
power. Finally, manual actions are specified for a number of conditions and
transients that may occur within the Restricted and Monitored Regions, to enhance
defense-in-depth. Many of these manual actions are prompted by automatic

annunciation of alarms

I'his report describes Enhanced Option 1-A, which forms a complete solution
to the reactor stability issue. The basic design philosophy that underlies all
features of Enhanced Option 1-A is described in Section 2. A detailed description
of the solution is provided in Section 3, followed by discussions of the licensing

methodology basis (Section 4) and the defense-in-depth methodology basis
(Section 5). The corresponding design configuration for inccrporation into the
plants is described in Section 6. Initial plant-specific application of Enhanced
Option I-A and the fuel cycle reload review processes are defined in Sections 7
and 8, respectively. Finally, a description of the reactor stability control 1s
provided in Section 9. The appendices to thic report contain specific procedures,
specifications, and supporting analysis necessary to apply the Enhanced Option

I-A solution to operating reactors

Various figures in this report are provided for illustration purposes. In
particular, stability region boundaries, validation analysis setpoints and flow-
biased setpoints approximate the expected values. Plant-specific boundaries and
setpoints will be generated during the stability solution initial application process
for each plant Appendix E contains feasibility analysis results for the
demonstration plant. The figures and tables in this appendix reflect the actual
analysis state conditions, stability region boundaries and boundary validation

results based on the demonstration plant data
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2. SOLUTION DESIGN PHILOSOPHY

2.1 Systems Integration

Long-term stability solution Enhanced Option I-A takes a preventive approach
to compliance with General Design Criterion 12. Instability prevention is
desirable because reactor instabilities are avoided altogether and the need to
predict transient thermal margin performance is obwviated.  However, the
complexities of reactor coupled neutronic/thermal-hydraulic instabilities make
precise analytical results difficult. This inherent difficulty is recognized and
addressed in the design philosophy of this solution. In particular, the presence of
backup and defense-in-depth features that utilize diverse means of preventing
power oscillations eliminates complete reliance on a single system or
methodology.

Integration of a stability solution into reactors should result in an
improvement to overall reactor safety. A design feature that eliminates the
potential for reactor instabilities at the expense of significantly increasing
challenges to safety systems through unnecessary scrams is therefore inconsistent
with the goals of such a solution. Enhanced Option I-A seeks, in the context of
GDC-10 and GDC-12, to appropriately balance the needs for sufficiency of
operating stability margin, performance of required reactor meneuvers, and
reduction of solution reload dependency, while minimizing unnecessary challenges
to safety systems. This is accomplished through comprehensive analysis of
instability precursors to establish appropriate safeguards.

2.2 Stability Margin Protection

In addition to the uncertainty inherent in all stability calculations and
measurements, susceptibility to reactor instability is a continuous function of core
power and flow in the operating domain. In general, there is a gradual increase in
the likelihood that instabilities will ozcur as core power is raised and core flow is
lowered.

2-1
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The Enhanced Option I-A solution design addresses the implications of these
characteristics by affording progressively more restrictive operating requirements
as susceptibility to reactor instability increases.  Automatic prevention 1s
warranted where susceptibility to instabilities 1s anticipated during normal
operations and as a result of moderatec frequency events. Protection from
instabilities under conditions that are not anticipated or are beyond the existing
design bases of the reactor systems should come from combined automatic and
manual actions. This approach provides assurance that the degree of protection
against instabilities is commensurate with the likelihood of occurrence. In
addition, by providing protection against the entire spectrum of instability events,
from the likely to the hypothetical, significant margin for future situations and
developments is designed into the solution.

2.3 Design Features

The design philosophy of progressive protection is coupled with conservative
stability region boundaries and mandated operator actions. This approach
provides assurance that reactor instabilities are prevented, considering the
complexity of the phenomenon and the attendant analytical uncertainties.

Furthermore, boundaries of the Enhanced Option 1-A stability regions are
maintained conservative when supplemented by the required actions during normal
reactor operation. Not only is consideration of the specific required actions near
the boundary of each stability region proper when determining the validity of the
boundary location, but credit for such actions is an appropriate means to limit the
size of the regions.

Operational experience and analytical results have conclusively demonstrated
that for a given reactor design, the manner in which a reactor is operated is the
overriding factor in determining stability performance. In recognition of this
conclusion, limitations on steady-state reactor operating conditions are
incorporated into the solution. Additional diverse operator actions are also
mandated for both steady-state ana transient operating conditions. The severity of
these actions and the constraints on reactor operations in each stability region is
consistent with the potential for instabilities to develop. This balanced approach
to the issue of reactor stability is a central design philosophy of Enhanced Option
I-A.

2-2
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3. SOLUTION DESCRIPTION

3.1 Licensing Features

Enhanced Option I-A demonstrates compliance with GDC-12 solely through
the use of licensing features that ensure reactor coupled neutronic/thermal-
hydraulic instabilities will not occur considering reasonably limiting anticipated
operating conditions. In this manner, protection of the fuel MCPR safety limit is
assured.

3.1.1 Definition of Stability Licensing Regions

3.1.1.1 Exclusion Region (Region I)

The Exclusion Region of Enhanced Option I-A is defined to be that area of
the licensed core power/flow operating domain where the reactor is susceptible to
coupled neutronic/thermal-hydraulic instability, as illustrated in Figure 3-1.
Reactor state conditions that are considered when deriving this region boundary
result from steady-state scenarios and events of moderate frequency that are
classified as Anticipated Operational Occurrences (AOOs). Since stability
controls are applied outside the Exclusion Region boundary, applicable reactor
state conditions are consistent with restrictions imposed on core power
distributions.

The reactor is automatically protected from operating in this excluded region
by the core flow-biased neutron flux reactor trip function of the Neutron
Monitoring System (NMS). In effect, the reactor is precluded from operating in
states where events of moderate frequency are anticipated to potentially result in
unstable conditions.

3-1
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1.1.2 Restricted Region (Region II)

I'he Restricted Region of Enhanced Option I-A (Figure 3-1) 1s defined to be
that area of the licensed core power/flow operating domain where the reactor 15
susceptible to coupled neutronic/thermal-hydraulic instability without restrictions
on core power distributions. \leactor state conditions that are considered when
deriving this region include steady-state scenarios and events of moderate
requency (AOOs) that comply with specified restrictions on appropnate thermal

limits. but with no restrictions on core power distribution

'he reactor is automatically protected from unintentional entry into the
Restricted Region due to control rod withdrawal by the flow-biased neutron flux
control rod withdrawal block function of the Neutron Monitoring System (NMS)
Ihis feature effectively increases the size of the Exclusion Region during normal
reactor operation. Operation outside of the Restricted Region without specific
stability related controls on power distribution 1s not anticipated 1o result in reactor
instability. Anticipated transients that initiate outside the Restncted Rugion and
terminate inside the Restricted Region are also not expected to result in reactor
instability. However, continued operation in the Restricted Region following
inadvertent entry is not permitted. The specific requirements to exit the Restricted
Region following unintentional entry provide assurance that the reactor does not
remain in this region with reduced stability margin. This mandated manual action
is provided as a diverse defense-in-depth feature and 1s not necessary to

demonstrate protection of the fuel MCPR safety limut

Operation in the Restricted Region 1s permitted when specified
administrative stability controls are in place. To faciiitate intentional entry into the
Restricted Region once stability controls are in place, the control rod withdrawal
block and scram functions of the NMS may be temporarily setup as shown in
Figures 3-2 and 3-3. The setup function sets up the control rod withdrawal block
function to allow reactor operations throughout the licensed operating domain
outside of the Exclusion Region. In addition, the bottom of the Exclusion Region
boundary is setup by the power difference between the Restricted and Exclusion
Regions at natural circulation. This Exclusion Region setup s included to
accommodate power spikes associated with upshifting recirculation pumps to high

speed. Reactor operation under these setpoint setup conditions does not reduce the
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necessary degree of protection from reactor instability because the reactor is
maintaired significantly stable by the stability controls. The setpoints are required
to be manually restored to their normal values after the Restricted Region is exited.
Conformance to stability controls is required as long as the setpoints are in the
setup condition. In addition, the setpoints are automatically restored to normal
after a specified core flow is exceeded. The setpoint setup feature permits
required reactor maneuvering in the Restricted Region under controlled conditions.

3.1.2 Reactor Stability Control

Intentional operation in the Restricted Region on a continued basis is
permitted only when administrative stability controls are in place. Use of stability
controls provides significant protection against unacceptable loss of stability
margin while operating in the Restricted Region, and assures that the plant
continues to operate within analyzed reactor state conditions.

A stability control limit -- Fraction of Core Boiling Boundary (FCBB) - is
defined and applied during intentional operation within the Restricted Region.
Adherence to this limit maintains the elevation of core average bulk coolant
saturation greater than a predetermined value of 4 feet above active fuel bottom.
The limit is normalized consistent with other core thermal limits, and is expressed
as the following relationship:

1 be=4,(7
. ZAP‘ l ]
n
FCBB = L ,  where —Y AP, =10 (3-1)
0.264 &]ff?ﬁg L

and:
Zy, = core average boiling boundary limit (4 ft),
AP, = relative nodal axial power normalized to n,
n = total number of core axial nodes,
W = core flow rate (Mlb,/hr),
DHS = core inlet subcooling (Btu/lb,, ), and
P = core thermal power (MW, ).
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In the Restricted Region, steady-state operation requires that the limit satisfy
the condition:

FCBB<10 (3-2)

Full details of the FCBB limit formulation and supporting analyses are provided in
Section 9.

The FCBB control concept limits the core-average two-phase column length
and therefore reduces the void sweeping time. This provides inherent core
stability. The control incorporates all important core parameters affecting
stability, including axial power shape. ~When implemented, the control
demonstrates relative insensitivity to variations in all major parameters affecting
reactor stability. This assures that stability can be directly influenced by the
FCBB control alone, without concern for variations in these other parameters.

3.1.3 Licensing Features Summary

The Enhanced Option I-A licensing methodology features summarized in
Table 3-1 are necessary and sufficient to prevent reactor operations under
conditions anticipated to be susceptible to reactor instability. Therefore, the
requirements of GDC-12 are satisfied.

3.2 Defense-in-Depth Features

Enhanced Option I-A utilizes the concept of defense-in-depth to improve
overall reactor safety. In addition to providing diverse methods and systems to
prevent the onset of reactor instability, defense-in-depth gives protection against
unanticipated and hypothetical events that can result in an unstable reactor. The
defense-in-depth features of this stability solution are not used to demonstrate
compliance with the MCPR safety limit.

3-4
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3.2.1 Definition of Stability Defense-in-Depth Region
3.2.1.1 Monitored Region (Region III)

The Monitored Region of Enhanced Option 1-A (Figure 3-4) is defined to be
that area of the licensed core power/flow operating domain where the reactor is
hypothetically susceptible to coupled neutronic/thermal-hydraulic instability. The
extent of the Monitored Region bounds the area of the licensed operating domain
where potential for reactor instability exists under any conditions. Therefore, no
stability related constraints are necessary in the licensed operating domain outside
the Monitored Region.

Continued operation within the Monitored Region requires the presence of
an automatic stability detection system. This defense-in-depth feature is provided
to preclude reactor instability under unanticipated conditions. When the stability
detection system is not operable, continued operation inside the Monitored Region

Boundary is not permitted.

Operational requirements of the automatic stability detection system extend
into the Restricted Region.

3.2.2 Period-Based Detection System

The instability detection system utilized in Enhanced Option I-A uses the
Period-Based Algorithm (PBA) described in MEDO-31960 to detect the onset of
power oscillations. This defense-in-depth feature, termeud the Period-Based
Detection System (PBDS), uses LPRM detectors and provides a completely
independent method of ensuring reactor stability. The PBA noise analysis
technique is inherently simple and fast. Discrete, well-defined stability margin
detection levels are provided based on successive power oscillation period
confirmat.on counts. The PBDS generates alarms when loss of stability margin
has occurred, as discussed in Section 3.2.3.3. Following instailation, the PBDS
will be tuned to the unique conditions present at each reactor to ensure proper
performance.

3.5
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The PBA is based on a discrimination process that examines the neutron flux
signal to identify time intervals between successive maxima and successive
minima with a period which is characteristic of coupled neutronic/thermal-
hydraulic reactor instability. The PBA effectivenec. in recognizing the approach
to reactor instability relies on the random nature of the LPRM signal signature at
stable, low decay ratio conditions.

In certain situations, periodic perturbations can be introduced into the
thermal-hydraulic behavior of the reactor system (e.g., from control system
feedback). These perturbations can potentially drive the neutron flux to oscillate
within a frequency range expected for reactor instability. The presence of these
oscillations will be recognized by the PBA as reactor instability independent of the
actual stability of the reactor. This situation would render the PBA useless for
detecting reductions in stability margin. Therefore, reactors that exhibit power
oscillations which lie within the characteristic frequency range, but are not
associated with neutronic/thermal-hydraulic instability, cannot rely on the PBDS
as an instability detection system. In such cases, the PBDS can be substituted by a
different system for detecting the approach to core instability. An example of this
type of system is the conventional stability monitor which evaluates core decay
ratio based on regression analysis of LPRM signals. Qualification and
demonstration of any alternatives or substitutes to the PBDS for plant-specific
application of the Enhanced Option I-A solution must be addressed separately.

3.2.3 Defense-in-Depth Automatic Features

3.2.3.1 Restricted Region Entry Alarm

The boundary of the Restricted Region is monitored by the flow-biased
control rod withdrawal block function, which provides an automatic alarm upon
inadvertent entry into the region (Restricted Region Entry Alarm). This defense-
in-depth feature triggers mandated operator actions designed to improve the
overall stability protection afforded by this solution. In particular, core flow
reduction events (FREs) that terminate in the Restricted Region are automaticaily
indicated to the control room operator by this alarm. The mandated execution of
associated operator actions improves the reactor stability margin following a FRE.
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3.2.3.2 Flow-Biased Neutron Flux Trip Clamp

Unanticipated combinations of events near the high flow-control line in the
Restricted Region (Figure 3-1) may result in large core power increases and losses
of stability margin. To provide additional protection from these events, the flow-
biased neutron flux reactor trip setpoint above the Restricted Region is adjusted
downward (i.e., clamped). Placing the setpoint near the highest operating flow-
control line results in termination of these events by automatic reactor s¢ram.

Since this feature is not used in the licensing methodology, explicit setpoint
analysis is not performed. Rather, the setpoint is above the highest normal APRM
signal value observed durirgz operation on the highest actual flow-control line in
the Restricted Region. The highest flow-control line passes through the rated core
power/minimum core flow state point in the licensed operating domain.

3.2.3.3 PBDS Alarms

The PBDS generates an alarm when an unacceptable loss of stability margin
has occurred (Hi-Hi Decay Ratio). The Hi-Hi Decay Ratio alarm is a required
solution feature. It triggers mandated operator action to prevent the onset of
unanticipated reactor instability. The PBDS also generates an optional alarm that
can be used to indicate reduced core stability margin (Hi Decay Ratio). Because
this system is a defense-in-depth feature of the solution and is not used as part of
the licensing methodology, explicit demonstration that the Hi-Hi Decay Ratio
alarm provides protection for the MCPR safety limit is not necessary.

3.2.3.4 Stability Region Setpoint Setdown

An automatic setdown of the flow-biased neutron flux conwol rod block and
trip setpoints is provided. The setdown function occurs when a specified core
flow is exceeded during reactor power ascension. This is a backup feature that
provides additional assurance of appropriate setpoint configuration.
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3 2 4 Defense-in-Depth Manual Features

Consistent with the progressive, layered approach to instability prevention
employed by Enhanced Option I-A, increasingly restrictive mandated operator
actions are specified for the Monitored Region and Restricted Region These
manual actions are generally associated or triggered by the automatic defense-in-

depth features of the solution

-~

4.1 Restricted Region Manual Features

3.2.4.1.1 Uncontrolled Entry 1 Restricted Region

Immediate action to exit the Restricted Region is required following any type
of uncontrolled entry. This operator action is triggered upon receipt of the
Restricted Region Entry alarm. Since adherence to FCBB 1s not assured,

continued operation in this region under these conditions is not appropriate

If the PBDS is not operable under conditions of inadvertent entry, manual
scram without delay is required. This action is enforced because operation within
the FCBB limit cannot be assured immediately after a transient, and no backup
protection to prevent reactor instability is available with the PBDS inoperable
Iherefore, the requirement is consistent with the layered approach to instability

prevention for continued reactor operation

Manual sciam without delay is required upon receipt of the PBDS Hi-Hi
Decay Ratio alarm. Annunciation of this alarm is indicative not only of a loss of
acceptable stability margin, but also that an unanticipated condition exists

Manual scram without delay under these situations is appropnate

3.2.4.1.2 Controlled Operation Inside Restricted Region

Immediate action to exit the Restricted Region is required following
initiation of any unplanned transient that occurs while operating in the region
During an unplanned transient, adherence to the FCBB limit cannot be assured

I'herefore, continued operation in the Restricted Region is not appropniate
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If the PBDS becomes inoperable during controlled operation in the
Restricted Region, exit is required. Although compliance with the FCBB limit is
still maintained, no backup protection to prevent reactor instability is available.
This requirement ensures that the layered approach to instability prevention is
restored prior to continued reactor operation in the Restricted Region.

Manual scram without delay is required upon receipt of the PBDS Hi-Hi
Decay Ratio alarm. Annunciation of this alarm is indicative not only of a loss of
acceptable stability margin, but also that an unanticipated condition exists.
Manual scram without delay under these situations is appropriate.

3.2.4.2 Monitored Region Manual Features

If the PBDS becomes inoperable during operation in the Monitored Region,
exit is required. Although reactor instability is not anticipated except under
extreme conditions that significan.., exceed the licensing basis of the current
reactor systern, no other designed backup protection is available.

Manual scram without delay is required upon receipt of the PBDS Hi-Hi
Decay Ratio alarm. Annunciation of this alarm is indicative not only of 2 (0ss of
acceptable stability margin, but also that an unanticipated condition exists.
Manual scram without delay under these situations is appropriate.

Entry into the Monitored Region with the PBDS inoperable is allowed for
limited duration for the purpose of controlled reactor shutdown. Prior to entry into
the region for this purpose, and during power decension in the region, adherence to
the FCBB limit is required.

3.2.5 Defense-in-Depth Features Summary

The Enhanced Option I-A defense-in-depth methodology features are
summarized in Tables 3-2 and 3-2. They provide significant protection from
unanticipated and hypothetical precursors to reactor instability and are designed to
be progressively more restrictive as the susceptibility to reactor instability
increases.

3-9
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3.3 Solution Summary

Integrating the licensing methodology and defense-in-depth methodology of
Enhanced Option I-A yields a progressive, multi-region protection scheme that
provides significant protection against reactor instability. The robust nature of
these features also provides assurance of substantial protection against all
contemplated instability scenarios. As a result, this stability solution design
provides robust resolution to all concerns raised in the SER (Reference 3), and
complies with the requirements of GDC-12. The full stability solution is depicted
in Figure 3-5, and the features are summarized in Tables 3-4 and 3-5.
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Table 3-1: Licensing Methodology Functional Requirements

Region: Exclusion Region Restricted Region
T
I'yvpes of Entry: Any Entry Uncontrolled Entry lx Controlled Entry
Flow-Biased [nitiates ‘ N/A | N/A
Seram Automatic Scram l
}...... " ' - - - v e o — -
Flow-Biased N/ A Initiates I Enforces
Y |
Rod Block Rod Block ? Boundary
Stability N/A } N/A | Required for Rod
Controls | t Block Setup

Table 3-2: Defense-in-Depth Methodology Automatic Features Summary

Region: Exclusion | Restricted | Monitored
1 |
. | 1 .
I'vpes of Entry: Any A ncontrolled | Controlled | Any
R("S‘(Ht?l(‘d Region N/A
Entry Alarm

Period-Based
Detection System

Alarm to Operator

and Alarm N/A iy R
Stability Regions : Sct'mim Setdown -
Setpoint Setdown S -~ After Exit

ot o , ‘ ;
Flow-Biased it
Scram Clamp ‘Automatic SCRAM i
Above Restricted

Region

3-11
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Table 3-3: Defense-in-Depth Manu:! Features Summary

Region: Exclusion Restricted Monitored
Type of Entry: Any Uncontrolied | Controlied Any

Rod Block Alarm

Transient N/A

PBDS Inoperable Region EXIT

PBDS Hi-Hi Decay : Manual SCRAM
Ratio Alarm ‘

Table 3-4: Enhanced Option I-A Stability Features Summary

Licensing Features Defense-in-Depth Features
1. Exclusion Region 1. Period-Based Detection System
_ 2. Restricted Region 2. Restricted Region Entry Alarm
3. Flow-Biased Trip 3. Flow-Biased Scram Clamp g
4. Flow-Biased Control Rod Block 4. Monitored Region
5. Reactor Stability Controls 5. Mandated Operator Actions
F(-. Stability Regions Setpoint Setup 6. Stability Regions Setpoint Setdown
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Table 3-5:

Region:

T of En

Enhanced Option I-A Stability Protection Summary

N/A

gion

Conditions:
- Hi-Hi Decay
Ratio Alarm

- PBDS Inop

Conditions:

REERRAR

Exclusion Restricted Monitored
Any Uncontrelied | Controlled Any
N/A N/A
Conditions: Conditions:

Exceed Flow- | Exceed Flow- N/A

| Biased Scram | Biased Scram

(lamp Above | Clamp Above

Region

Conditions:

- Restricted
Region
Entry Alarm

- PBDS Inop

- Transient

Conditions: Conditions:
- Hi-Hi Decay | - Hi-Hi Decay
Ratio Alarm | Ratio Alarm

Conditions:
- PBDS Inop
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4. LICENSING METHODOLOGY BASIS

4.1 Approach to Licensing Methodology
4.1.1 Fuel Thermal Safety Limit Protection

General Design Criterion 12 mandates protection of fuel thermal safety limits
from conditions caused by coupled neutronic/thermal-hydraulic instability. The
existence of significant power oscillations in an unstable reactor generates
transient conditions where boiling transition may occur. In these situations,
compliance with the MCPR safety limit cannot be assured.

Enhanced Option I-A protects the MCPR safety limit by preventing the
occurrence of conditions anticipated to be susceptible to reactor instability in the
licensed operating domain. Prevention is accomplished by a combination of two
features. First, reactor operation is automatically excluded in a specific region of
the licensed operating domain susceptible to reactor instability. Second, stable
reactor state conditions are maintained using stability controls where unrestricted
steady-state reactor operation may otherwise result in conditions susceptible to
instability.

The exclusion function is accomplished by modifying the existing core flow-
biased neutron flux scram function of the reactor protection system (RPS) to
conform with the boundary of the Exclusion Region. Any event that causes the
reactor state trajectory to cross the Exclusion Region boundary results in an
automatic scram, thereby preventing conditions susceptible to reactor instabilities.

Adherence to stable reactor state conditions is accomplished by use of the
stability control. Analysis demonstrates that application of the stability control in
the Restricted Region, which is located just outside the Exclusion Region, assures
reactor stability under ali anticipated operating condiiions. Inadvertent entry into
this region during off-iated reactor maneuvering is prevented by modification of
the existiug flow-biased neutron flux control rod withdrawal block to conform
with the boundary of the Restricted Region. Controlled operation inside the

4-1
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Restricted Region is permitted only with the stability control in place, and is
accomplished by setting up the flow-biased neutron flux control rod withdrawal
block to conform with the boundary of the Exclusion Region.

NEDO-32339

4.1.2 Determination of Stability Region Boundaries

The licensing stability regions of Enhanced Option I-A are based on the
FABLE/BYPSS procedure methodology described in NEDO-31960 (Reference 1).
The FABLE/BYPASS procedure utilizes a combination of conservative and
nominal inputs to establish a decay ratio base line. Next, analysis with a properly
qualified best-estimate stability code is performed to establish a decay ratio bias
correction for application to the FABLE baseline results. The adjusted FABLE
baseline data is then evaluated against an established region boundary generation
stability criterion which considers regional mode osciliations as well as core-wide
mode oscillations to establish the stability region boundaries. The stability region
boundaries are used to define nominal region boundary setpoints that properly
account for uncertainties considered in the standard setpoint methodology process
(i.e, ISA Standard 67.04 and Regulatory Guide 1.105).

4.1.3 Region Boundary Setpoint Validation

Enhanced Option I-A makes use of a properly qualified best-estimate
stability code to validate the appropriateness of the nominal region boundaries,
considering reasonably limiting events for each plant-specific application.
Validation of all licensing methodology setpoints, including the 40% flow clamp
of the Exclusion Region, on a plant-specific basis provides significant assurance
that the region boundaries are properly established.

Validation of the nominal region boundaries is performed at defined
analytical setpoints. The power and flow state conditions of e ansiyiical
setpoints are chosen sura that when standard setpoint methodology is applied to
the analytical setpcint' the result validates the region boundaries used to define
the nominal setpoints. This is illustrated in Figure 4-1.

42
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4.2 Stability Regions Licensing Basis

Prevention of conditions susceptible to reactor instability i demonstrated
througl analysis of conditions that are reasonably limiting precursors to the onset
of unstable reactor states Reason. ' iimiting state conditions are divided into
those that occur during anticipated steauy-state reactor operations, and those that
occur as a result of anticipated transients.

4.2.1 Protection for Steady-State Operations

Anticipated steady-state and startup core power distributions at the boundary
of the Exclusion Region, if not restricted by stability controls, may be more severe
than those assumed in the FABLE procedure as the basis for the Exclusion Region
boundary definition. This situation, if not addressed, could result in reactor
instability outside the Exclusion Region.

To address this issue, a Restricted Region is created immediately outside of
the Exclusion Region. The boundary of the Restricted Region is defined such that
the onset of reactor instability is not anticipated outside the region. In particular,
the boundary is chosen such that severe power shapes, that do not violate existing
opcrating limits and limiting operating practices, are not anticipated to result in
reactor instabilities outside the Restricted Region. The Restricted Region is
automatically protected against inadvertent manual entry by a control rod
withdrawal block.

The existence of the Restricted Region effectively enlarges the Exclusion
Region size during steady-state and startup operations as illustrated in Figure 4-2.
Control rod withdrawal cannot continue once the region boundary 1s encountered
and operation outside the region is anticipated to remain stable based on analysis.
Therefore, operation outside the Restricted Region, with reactor conditions
unrestricted by stability controls, will not challenge the MCPR safety limit, since
reactor instability is not anticipated.

Intentional reactor operation in the Restricted Region remains consistent with
the methodclogy used to define the Exclusion Region boundary when core power
distribution is restricted. Therefore, stability controls are required for operation
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inside the Restricted Region in order to force core power distributions into more
stable configurations than those used as inputs to the FABLE procedure
methodology. In this manner, intentional steady-state and startup operations near

the Exclusion Region boundary remain bounded by the methodology assumptions

he stability control, FCBB, incorporated into Enhanced Option I-A 1s
designed to ensure effective management of core power distributions in the
Restricted Region. Since FCBB is the only stability centrol required, 1t is
designed to be effective without additional constraints on reactor operation [his
is accomplished by incorporating the following global core parameters importani

to stability into the FCBB

e Core Power,

e LOIC 5 l:l‘\\

1] |
o Axial Power k“\iLu‘].;"f and

o Core Inlet Subcooling
By appropriate choice of the boiling boundary elevation limat Ly, TCACtOr
stability is demonstrated to be insensitive to variations in radial power shape and
peaking. Therefore, these parameters may be ignored for stability considerations

within the Restricted Region when utilizing the FCBB control

In addition, when operating at or above Z,;, reactor stability 1s insensitive 1o

variations in all the parameters described above. This feature provides significant

operational flexibility to maneuver the reactor within the Restricted Region, while
also assuring that stable core power distrnibutions are mai itained.  Analysis

demonstrates that as long as fuel thermal limits and reactor system parameters are

maintained within licensed limits, use of FCBB is sufficient to assure stable

{0 211,}‘\ -S5tate O

peration within the Restricted Region under all anticipated operating
conditions. The adequacy and effectiveness of FCBB as a stability control 1s

descnibed 1n Section ¥

l'o facilitate entry and deliberate operation in the Restricted Region, the
automatic control rod withdrawal block function that protects the region boundary
may be setup after stability controls are applied. The setup function also adjusts

the lower boundary of the Exclusion Region as illustrated in Figure 4-3

H
4
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When stability controls are applied, the effective region size susceptible to
reactor instability is reduced, and steady-state operation outside the setup
Exclusion Region boundary remains stable. Mandated comphiance with the
stability controls in this situation results in reactor state conditions that are
significantly more stable at the Exclusion Region boundary than those required by
the region boundary generation stability criterion. When the Restricted Region is
exited, the stability region boundaries are setdown to the normal setpoints before
removing the stability control requirements, thereby reinstating protection for

situations where power distributions are not restricted by stability considerations

4.2.2 Protection for Limiting Transients

'he establishment of the Exclusion and Restricted Regions assures the
stability of anticipated terminal reactor state conditions following plant transients
'he transients that result in limiting reactor stability conditions are Loss Of
Feedwater Heating (LOFH) and core Flow Reduction Events (FREs). Events
whose reactor state trajectories would otherwise enter the Exclusion Region
terminate with automatic scram at the region boundary. The treatment of events
that terminate within the Restricted Region depends upon whether they initiate

inside or outside of the Restricted Region

Because adherence to stability controls results in extremely stable reactor
conditions, LOFH or FRE transients that initiate within the Restricted Region
(Figure 4-4) and do not enter the Exclusion Region, remain stable. The presence
of the stability controls in the Restricted Region makes these transients non-
limiting. The LOFH and FRE initial and final conditions are evaluated at the

analytical region boundanies

Limiting transients may also initiate outside the Restricted Region and result
in unintentional entry into the region. Limiting transients that initiate outside the
region without stability controls in place and do not enter the Exclusion Region are

demonstrated to be stable at the events' terminal state condition

Reasonably limiting LOFH events that initiate at the Restricted Region
boundary without stability controls in effect and terminate prior to reaching the

Exclusion Region boundary are shown in Figure 4-5. The available stability
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margiv at the initial condition is demonstrated to be sufficient to ensure adequate
stzhil’cy margin at the terminal condition.

The limiting FREs initiate from rated power conditions. FREs that would
otherwise terminate at or mear natural circulation conditions are not limiting
because the events end with an automatic reactor scram upon reaching the
Exclusion Region boundary. The locsion of the Exclusion Region boundary at
high flow-control lines is therefore established such that Intermediate Flow
Reduction Events (IFREs) which terminate within the Restricted Region (Figure
4-6) are stable.

Anticipated IFREs result in low decay ratios immediately following the core
flow reduction due to the presence of rated feedwater temperature and the
corresponding relatively low core inlet subcooling. Following the flow reduction
(which results in an automatic rod block alarm upon entry to the Restricted
Region), the reactor system approaches a new equilibrium feedwater temperature
slowly. Analysis and operational experience indicate that this feedwater heating
time constant is approximately 5-7 minutes. The IFREs that terminate in the
Restricted Region are anticipated to be stable, as supported by operational
experience and demonstration plant analysis. In addition, the time constant
associated with the reactor inlet subcooling transient allows for the defense-in-
depth mandated operator action to exit the Restricted Region following inadvertent
entry.

4.3 Stability Regions Boundary Generation
4.3.1 Boundary Generation Process Overview

Establishment of the boundaries that define the stability regions of Enhanced
Option I-A is a multi-step generic process that accommodates all fuel and reactor
designs, yet remains grounded in the conservative nature of the FABLE procedure
methodology. The steps beyond the FABLE procedure of Reference 1 are
employed to accommodate, in a generic manner, specific core and fuel design
features, as well as permit interface with any qualified best-estimate stability code.
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Unique stability region boundaries are determined on a plant-specific basis using

this process

The Exclusion Region boundary is constructed by adjusting the FABLI
decay ratio baseline based on a plant-specitic cycle design and evaluating the
result against the region boundary generation stability criterion of Reference I
The final region boundary incorporates a clamp at 40% core flow. The core flow
clamp optimizes the solution methodology to improve overall reactor safety by
avoiding unnecessary challenges to the reactor safety systems from reactor scrams

initiated when the reactor 1s stable

'he Restricted Region boundary is constructed using the same process. To
this end, the stability criterion of Reference 1 is expanded for use in the Restricted
Region generation. The Restricted Region stability criterion shown in Figure 4-7
which is a function of core decay ratio (DR,,.) and hot channel decay ratio
(DR.), 1s significantly more conservative than the Exclusion Region criterion
The stability criterion for the Restricted Region serves only as a tool for generating
the location of the Restricted Region boundary, and is not intended to serve as a
specification for the behavior of reasonably limiting events at the boundary of the

region

The Enhanced Option I-A methodology does not require demonstration that
the specific parameters that serve as inputs to the FABLE procedure are limiting
for each application. The FABLE methodology is an overall conservative
procedure that serves as the basis for the generation of the stability regions. The
adequacy of the region houndanies is validated for reasonably limiting events

through the validation process descnibed in Section 4.4

'he boundary generation process results in nominal region boundanes. No
increase in the size of the regions generated by this process occurs due to
uncertainties in core power and flow. Instead, the validation analysis used to
demonstrate that the nominai ragion boundaries are adequate is performed at the
analytical sstpoints. Setpoint methodology is applied to the nominal region

boundaries to determine the analytical setpoints
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4

4.3.2 Standard Cycle Design Basis

The first step in generating the nominal stability region boundanes is to
develop the Standard Cycle (SC) design. The SC design uses a predetermined
generic fuel design that is common to all plant applications The SC core
configuration contains plant-specific features to accommodate vanations in core
size and performance. The SC design captures all the umque stability-related
features of a particular reactor system design that are independent of the fuel
design. The SC design is used to develop a baseline decay ratio that can later be
adjusted depending on specific fuel charactenstics. The SC design yields baseline
core and hot channel decay ratios along a standard high flow-control line and at
natural circulation conditions. This baseline forms the basis for further fuel-

specific calculations that determine the plant-specific stability region boundaries

'he FABLE methodology is applied to the SC in a consistent manner for all
plant applications and yields overall conservative results. 3 decoupling the fuel
design from the reactor design, the reactor-specific fuel designer can use qualified
best-estimate stability codes to complete the process independently of the initial
q

SC design performed using FABLE. In addition, future changes in fuel designs

can be accommodated without FABLE reanalysis

'he specifications that describe the Standard Cycle fuel and core
characteristics are delineated in Appendix C. The neutronic and thermal-hydraulic
performance of all current fuel designs are sufficiently sumilar to the SC fuel
design so that significant departures in the relative stability characteristics will not
occur. Therefore, the results of the plant and fuel-specific analysis are expected to
vield decay ratio values that are relatively close to the SC calculated decay ratios
I'his provides assurance that deviations from the overall conservative results of the

»dure are mmnimized
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I'he second step in the region boundary generation process is to develop the
Reference Cycle (RC) design. The RC design analysis process uses a qualified
best-estimate stability code to transition from the SC design, which uses a generic

fuel desien. to the actual fuel design existing in the plant-specific reactor core. In
. ¥ §
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addition to the specific fuel, the RC design provides a mechanism to account for
specific features of reactor and fuel cycle operating practices that affect stability
performance. The RC also permits the introduction of design allowances to
compensate for potential variations in future designs.

To establish the stability peirformance of the Reference Cycle, the SC 1s
reanalyzed at preselected core power and flow state conditions using a qualified
best-estimate stability code. The same state conditions are then analyzed using the
RC. A comparison of the RC and SC analysis results yields a bias correction
factor that accounts for the reactor-specific fuel design stability performance. This
bias is applied to the SC baseline decay ratio previously established using the
FABLE methodology to generate FABLE-based RC decay ratios. Using the RC
adjusted decay ratios and the appropriate region boundary generation stability
criterion, the Reference Cycle nominal region boundary intercepts are determined.

To generate the stability region boundaries, a generic boundary shape
function is applied at the boundary intercepts. The shape function is denived from
an analysis of Exclusion Region boundaries that have been explicitly calculated
(Appendix F). The shape function conservatively generates region boundaries
based on this database.

4.3.4 Exclusion Region Flow Clamp

4.34.1 Flow Clamp Basis Overview

The final step in the region boundary generation process is to clamp the
Exclusion Region at 40% core flow. Repositioning the upper portion of the
Exclusion Region boundary to the 40% flow clamp reduces unnecessary
challenges to reactor safety systems and thereby improves overall reactor safety.
The flow clamp is generically established based on analysis of the demonstration
plant (Appendix E). This analysis has been performed with a best-estimate
frequency domain stability code (ODYSY) and confirms that application of the
Enhanced Option I-A licensing features to the operating domain region affected by
the Exclusion Region flow clamp maintains large stability margins. The resultant
region is validated during the boundary validation process of each plant-specific
application. Plant operating experience and tests support the assessment that the

4-G
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reactor remains stable under anticipated operating conditions near the Exclusion
Region flow clamp.

4242 Protection From Steady-State Cond:ticns and LOFd Events

When the Exclusion Region is clamped, the size of the Restricted Region at
high flow-control lines is commensurately extended downward to lower flows. In
the Enhanced Option I-A stability solution, protection from anticipated events wat
initiate from within the Restricted Region is provided by the presence ui the
stability controls. Figures 4-8 and 4-9 display analysis results from the best-
estimate frequency domain stability code (ODYSY) for the demonstration plant
steady-state and LOFH events at the analytical reactor state point, Ag,
corresponding to the most limiting conditions along the core flow clamp. The
clamped Exclusion Region boundary setpoint is extremely conservative with
respect to events that initiate within the extended Restricted Region because of the
mandated reactor stability control which forces the initial reactor power shape into
a very stable configuration. The reduction in stability associated with the LOFH
event is not large compared with the total margin to instability created by the
stability control. ! he rorced core recirculation also contributes to reactor stability
at core flows above the Exclusion Region clamp by reducing the void sweep time
through the two-phase region of the core. Analysis with stability controls in place
demonstrates DR, =0.1-0.2 and DR, = 0.0 near point Ag. The core and hot

channel decay ratios for steady-state and LOFH events are compared to the
ODYSY boundary validation stability criterion shown in Figure 4-9.

In general, the boundary validation stability criterion is a set of decay ratio
values that provide the basis for validating stability region boundaries against both
core-wide and regional mode instabilities using a best-estimate stability code.
This criterion is code specific and incorporates the appropriate calculational
uncertainties,

The Exclusion Region clamp has no effect on the validity of the Restricted
Region boundary. As a result, preventior of reactor instability for steady-siate
conditior:s and LOFH events that occur at the Restricted Region boundary is not
impacted.
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The location of the Exclusion Region clamp setpoint, Ag, is therefore not
limited by LOFH events and steady-state operation, but is solely defined by
IFREs.

4.3.4.3 Protection From Intermediate Flow Reduction Events

Analysis has been performed on the demonstration plant to confirm that
establishing the nominal Exclusion Region flow clamp at 40% core flow provides
reactor instability prevention protection against reasonably limiting IFREs. The
validity of the 40% flow clamp is confirmed for each plant-specific application.
The IFRE analysis considers flow reduction events that initiate from rated power
and various flow-control lines between 100% and 120%. The initial power
distributions for these events are Eund-of-Cvcle (EOC) Haling. The Haling
conditions are reasonably conservative since they are associated with low boiling
boundary and negative void coefficient. Additionally, some analysis includes
Feedwater Heater Out-of-Service (FWHOOS) conditions. The terminal state for
analysis of anticipated IFREs is defined to be the immediate post-flow reduction
reactor conditions, including the initial rated feedwater temperature and rated
equilibrium Xenon concentration.

Figure 4-10 provides a sample of the analysis results performed to investigate
anticipated IFREs. The analysis demonstrates that not only are the immediate
post-flow reduction state conditions significantly stable, but also that the
equilibrium feedwater temperature state conditions are expected to remain stable.
The core and hot channel decay ratios calculated by ODYSY are compared to the
ODYSY boundary validation stability criterion as shown in Figure 4-10.
Additional details regarding IFRE analysis with an Exclusion Region flow clamp
are provided in Appendix E.

4.3.4.3.1 Definition of Anticipated Intermediate Flow Reduction Events

Establishment of the anticipated IFRE conditions is important since this
event is used to validate the location of the Exclusion Region flow clamp for plant-
specific application. However, the ability of the Enhanced Option I-A stability
solution to prevent reactor instability is made relatively insensitive to the definition
of what constitutes an anticipated IFRE because the strict licensing methodology is
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only a part of the total stability solution. A broad spectrum of instability
prevention features incorporated into Enhanced Option 1-A are avalable for
practical mitigation of stability margin reductions associated with IFREs. While
many of these features constitute defense-in-depth, a discussion of these features 1s
appropriate here to illustrate how anticipated events and the associated stability
protection relate to the entire protective scheme of ‘he Enhanced Option I-A
stability solution. By examining this relationship, the appropriatenecs of the
anticipated IFRE can be determined. Defimition of what constitutes an anticipated

[FRE is supported by an assessment of four factors

First. the normal core inlet subcooling transient that is associated with any

re flow reduction is slow. Actual plant data as well as analytical models
confirm that approximately 5-7 minutes elapse before the off-rated equilibrium
feedwai.. temperature is achieved. As described above, the immediate post-flow
reduction state conditions are very stable. Since the Enhanced Option I-A
defense-in-depth methodology mandates immediate initiation of actions to exit the
Restricted Region and the reduction in stability margin occurs slowly during this
period, the stable reactor conditions immediately following the flow reduction are
expected to be maintained. The process of exiting the Restricted Region 1s itself
stabilizing since the reduction in total core power which occurs as the region 1s
exited improves reactor stability. It 1s important to reiterate that analysis of
anticipated IFREs at equilibrium reactor state conditions indicates that the reactor
is expected to remain stable regardiess of whether the mandated operator actions

arc completed

Second. a completely diverse method of instability prevention is provided

that does not rely on the location of the Exclusion Region flow clamp boundary
This defense-in-depth feature, the Period-Based Detection System, is centinuously
operating to provide automatic indication if an unacceptable loss of stability
margin has occurred as a result of an unanticipated event. Upon receipt of an
alarm indicating this condition, manual reactor scram without delay 1s required
The OQPT : } """"1 2(IATICAS  Ac : the
['he presence of this system reduces the CONSEqUENCES associated with the
occurrence of an unanticipated event, and therefore, also reduces the stability

solution's sensitivity to the exact conditions associated with an anticipated IFRE

Third. IFREs that are combined with unanticipated power increases at the

post-flow reduction reactor state are terminated by automatic scram from the flow-
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biased scram clamp above the Restricted Region. A significant part of the
reduction in reactor stability during an IFRE is associated with the core inlet
subcooling transient. In anticipated IFREs this transient does not completely
eliminate stability margin. However, to provide protection from larger
unanticipated subcooling transients associated with IFREs initiating from the
highest flow-control lines and terminating very near the Exclusion Region flow
clamp, the flow-biased scram setpoint above the Restricted Region is clamped.
Because LOFH transients raise total core power, this feature provides effective
protection from IFREs that arc followed by severe subcooling transients.

Fourth, the Exclusion Region flow clamp at 40% core flow is supported by
operational experience. For GE BWRs, no IFREs from rated power have resulted
in reactor instability. This is significant since hundreds of IFREs, stemming from
various types of flow runbacks, flow control vaive (FCV) closures, and single
recirculation pump trips, have occurred. The only flow reduction event from rated
conditions that has resulted in reactor instability was the LaSalle event, which
reduced flow to natural circulation conditions (i.e. not an IFRE). All other GE
BWR instability events have occurred under startup conditions or due to a LOFH
transient. A summary of this data is shown in Figure 4-11. Therefore, operational
experience is consistent with the IFRE analysis results and supports a clamp at
40% core flow,

In summary, two conclusions are generated from the previous discussion.
First, the licensing features of Enhanced Option I-A that provide protection from
anticipated IFREs are validated on a plant-specific basis to demonstrate that
reactor instability is prevented. Second, the stability solution is not sensitive to the
exact conditions associated with IFREs, in particular the terminal feedwater
temperature, because the licensing protection is only one part of the robust design
of the solution. These conclusions support a definition of the anticipated IFRE
based on a rated 1nitial feedwater temperature for immediate post-flow reduction
conditions. Since IFREs constitute the largest fraction of all events that approach
the Exclusion Region, optimization of the Exclusion Region size with a flow
clamp at 40% core flow significantly reduces the number of unnecessary
challenges to safety systems caused by scrams when the reactor is still
significantly stable.
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4.3.4.3.2 Potential Intermediate Flow Reduction Scenarios

The previous s-ction diccusses how Enhanced Option I-A provides
protection from reactor instability during IFREs. The manner in which the
features of the stability solution function to prevent reactor instability resulting
from IFREs is illustrated in Figures 4-12 through 4-15. The scenarios described in
the figures illustrate both licensing and defense-in-depth features of Enhanced
Option I-A.

Figure 4-12 shows the Enhanced Option I-A solntion response to anticipated
IFREs that terminate with less than 40% core flow. All IFREs with core flow
reductions to lcss than 40% terminate in the Exclusion Region, where an
immediate automatic scram is generated and the onset of any reactor instability is
precluded.

Figure 4-13 shows the Enhanced Option I-A solution response to anticipated
IFREs that terminate within the Restricted Region. The immediate post-flow
reduction reactor conditions are very stable. Upon receipt of the Restricted Region
Entry alarm, the operator immediately initiates action to exit the Restricted
Region. Because the feedwater temperature transient is slow, and the action of
exiting the Restricted Region is in itself stabilizing, the reactor retains significant
stability margin. Once the Restricted Region is exited, the reactor is no longer
susceptible to reactor instability, regardiess of the core power distribution or
feedwater temperature.

Figure 4-14 shows the Enhanced Option I-A solution response to an
anticipated IFRE into the Restricted Region followed by an unanticipated event
that reduces stability margin. This scenario initially proceeds as described above
for Figure 4-13, and large stability margin is initially present. At this point, an
unanticipated event is postulated to occur. In response to this unexpected erosion
in stability margin, the PBDS generates an automatic Hi-Hi Decay Ratio alarm.
Manual action to scram the reactor without delay then occurs to terminat~ the loss
in stability margin.

Figure 4-15 shows the Enhanced Option I-A solution respon<¢ to an
anticipated IFRE into the Restricted Reg.on followed by an unanticipated power
increase event. The most limiting event of this type is one which iritiates from the
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minimum core flow permitted at rated power. The iramediate post-flow reduction
state conditions are therefore near the highest flow-control line at the Exclusion
Region boundary (40% core flow). Again, this event initially proceeds in a
manner similar to that described above for Figure 4-13, and large stability margin
is initially present. At this point, an unanticipated core power increase is
postulated to occur with an associated loss of stability margin. Prior to the natural
termination of the event, the flow-hiazed scram clamp above the Restricted Region
automatically generates a reactor scram. In this manner, the onset of reactor
instability is precluded because the core po wer increase itself places the reactor at

the scram setpoint.
4.4 Stability Regions Boundary Validation
4.4.1 Region Validation Process Overview

Ti.c stability regions geaerated using the process described in Section 4.3 are
the plant-specific nominal regzion boundaries. They are used to define the flow-
biased neutron flux scram and control rod block nominal setpoints. In order to
confirm the adequacy of these nominal setpoints, a validation process is defined
that considers anticipated reactor operating scenarios which result in reasonably
limiting stability conditions. The analysis is performed at the core power and flow
conditions corresponding to the analytical setpoints associated with each stability
region. Results of the analysis are considered to validate the corresponding
nominal region boundary if the calculated decay ratios, which quantify the
susceptability to core wide and regional modes of reactor instability, conform to
the boundary validation stability criterion established for the best-estimate stability
code used for the analysis.

The limiting events that validate the nominal region boundaries are
determined based on examination of all analyses performed for the demonstration
plant during development of the validation methodology (see Appendix E for
details). The number of cases in the validation set is dependent on whether the
initial region boundaries established by the Reference Cycle design are being
validated, or the previously validated Reference Cycle design is being re-validated
during the course of a reload review process. Analysis is performed for reactor
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state conditions that are potentially limiting for LOFH events, IFREs, and steady-
state operations.

4.4.2 Region Boundary Initial Validation

The initial validation of stability region boundanes established for a
particular plant encompasses events that are potentially limiting, based on an
assessment of the demonstration plant validation results. This prescribed set of
validation analysis conditions, which is common to all initial plant applications,
constitutes the Initial Validation Matrix (IVM). Calculations to determine decay
ratios are performed with a qualified best-estimate stability code using inputs
generated by three-dimensional core simulator calculations at the selected state
conditions. The IVM results are compared to the boundary vahdation stability
criterion of the applicable best-estimate stability code. The Enhanced Option I-A
region boundaries are validated if the criterion is met. The RC design may include
allowance for future vanations in fuel cycle stability performance to reduce the
potential for changes in the nomina! region boundary setpoints.

4.42.1 Validation for Steady-State Operations

In order to validate the licensing stability regions for steady-state conditions,
reasonably limiting conditions are established at specific locations on each regions'
analytical boundary. The reactor operating states which are analyzed conform
with fuel operating limits, required stability control, realistic control rod patterns,
and power peaking limits contained in plant-specific Technical Specifications. For
each analytical region boundary, reasonably limiting analyses are performed at
selected state points at natural circulation and on the maximum flow-control line.
The analysis at natural circulation is performed with Xenon-free conditions to
emulate reasonably limiting startup conditions. The analyzed conditions must
result in decay ratios that meet the boundary validation stability criterion of the
applicable best-estimate stability code in order to validate the nominal regior
boundaries.
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4.4 2.2 Validation for Intermediate Flow Reduction Events

For immediate flow reduction events, the location of the Exclusion Region
nominal boundary is defined such that reasonably limiting initial conditions at
rated power result in decay ratios that meet the boundary validation stability
criterion at the terminal state conditions on the Exclusion Region analytical
boundary. The initial reactor operating states are specified as EOC Haling in order

to achieve reasonably limiting axial flux shapes and kinetic response

Inadvertent entry into Single-Loop Operation (SLO) due to a flow reduction
event caused by tripping one reactor recirculation pump docs not challenge the
integrity of the Exclusion Region boundary. Tne APRM flow-biased neutron flux
trip reference signal, which provides automatic enforcement of the Exclusion
Region, uses recirculation drive flow signals as « measure of core flow. Although
the uncertainties in measured core flow (from jet pump flows) during SLO
increase, the drive flow uncertainty is unchanged. In addition, the signal remains
representative of core flow, since the losses associated with parallel recirculation
pump operation, which are removed, have a positive effect on total core flow
This compensates for the losses associated with reverse flow through the idle
recirculation loop jet pumps. Additional discussion of the stability region setpoint

requirements for SLO 1s provided in Appendix G

2.3 Validation for Loss of Feedwater Heating Transients

Loss of Feedwater Heating (LOFH) transients that result m conditions

ability can mitiate either outside or mnmside the Restricted

FH Transients Initiating Cutside the Restnicted Region

Operation outside the Restricted Region i1s not constramned by reactor

stability controls. Therefore, relatively severe core power distributions can occur
during anticipated reactor operation near the Restricted Region boundary. LOFH
transients that initiate under these conditions can challenge reactor stability
margin. Therefore, these events are considered for the purposes of validating the

location of the Restricted Region boundary
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For LOFH events initiating outside of the Restricted Region, the location of
the nominal Restricted Region boundary is defined such that reasonably limiting
initial conditions immediately outside the Restricted Region analytical boundary
result in decay ratios that meet the boundary validation stability criterion at the
terminal state conditions of the event. Because such events increase core power,
they are expected to be tue limiting event validating the Restricted Region
boundary. The initial reactor operating state for these LOFH events 1s defined as
EOC Haling with core flow reduced to the Restricted Region boundary, in order to
achieve reasonably limiting axial flux shapes. The magnitude of these LOFH

transients is consistent with operational experience for events of this type

1.4.2.3.2 LOFH Transients Initiating Inside the Restricted Region

Operation within the Restricted Region is constrained by the reactor stability
control. Therefore, relatively severe core power distributions cannot occur during
anticipated reactor operation near the Exclusion Region boundary LOFH
transients that initiate under these conditions generally do not challenge reactor

stability margin

For LOFH events that initiate inside the Restricted Region, the location of
the nominal Exclusion Region boundary is defined such that reasonably limiting
events that initiate immediately outside the Exclusion Region analytical boundary
result in decay ratios that meet the boundary validation stability criterion. For the
purpose of this validation analysis, the flow-biased scram setpoint along the
Exclusion Region is assumed to be setup. Because such events initiate with the
stability control in place, they are very stable and therefore not part of the IVM
analysis. Appendix E provides the demonstration plant validation analysis which

supports this conciusion

‘ ) [ b alanAd V\al e
{ 4 3 Region Boundary Reload Validation

The extent of the validation of existing stability region boundaries during the
reload review process is dependent on the significance of any design changes that
affect the stability performance for the new fuel cycle. Determination of how to
validate the previously established setpoints is based on a defined reload review

procedure




NEDO-32339

'The reload validation of existing stability region boundaries established for a
particular plant encompasses all events that are potentially limiting, based on an
assessment of the plant-specific initial validation results. This prescribed set of
validation analysis conditions, which is common to all plant reload review
applications, constitutes the Reload Validation Matrix (RVM). The RVM analysis
results are compared to the boundary validation stability criterion of the applicable
best-estimate stability code. The Enhanced Option I-A region boundaries are
validated if the criterion is met.

In the unlikely event that the RVM analyses do not meet the boun.ary
validation stbility criterion, the Reference Cycle design must be re-established.
Any margin originally added to the Reference Cycle to accommodate future
changes in fuel design and operating practices is reflected in the nominal region
boundary setpoints and tends to reduce the likelihood of this situation.

4.4.3.1 Reload Validation Review Criteria Basis

Small deviations in fuel cycle performance that meet the reload review
design change criteria do not require RVM analysis. For more significant changes
that do not meet the criteria, performance of the RVM analysis is required. Under
circumstances where changes in reactor or fuel design invalidate the RC design, a
more significant analysis, which is outside the scope of the Reload Validation
Matrix, is required. The more extensive analyses may encompass a new Reference
Cycle design and the generation of new region boundaries. The Standard Cycle
design is considered to remain applicable because the effect of the design change
on decay ratio is small and is adequately addressed by the best-estimate stability
code. When reactor design modifications significantly alter the stability
characteristics of the reactor system, a complete reconstitution of the initial
application process, including the Standard Cycle design, may be appropriate. The
reanalysis of the Standard Cycle is required only if the effect of the design change
on decay ratio is large and a large decay ratio adjustment to the FABLE SC
baseline is necessary.
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4.4.3.2 Reload Validation Limiting Events

The scope of the RVM analysis is dependent on identification of the limiting
events analyzed in the plant-specific IVM. Only one FRE and one LOFH event
are anulyzed based on the lowest margin to the boundary validation code stability
criterion identified by the IVM analysis. Steady-state validation analysis 1s
performed only outside the Restricted Region, since any state points inside the
Restricted Region are non-limiting as & result of the required stability control.
Analysis at these ¢onditions is sufficient to confirm that the design changes
introduced by the new fuel cycle remain bounded by the existing stability region
setpoints.

4.4 4 Region Boundary Validation for SLO

The initial application and reload review validation processes reasonably
bound limiting conditions during operation with one reactor recirculation loop in
service. No additional analysis is required to validate the stability region
boundaries for this operating mode  Supporting information is contained in
Appendix G.

The SLO operating mode does not alter reactor stability during steady-state
operation compared with two-loop operation at the same power/flow state point.
Stability controls provide the same level of protection within the Restricted
Region. The stability performance for natural circulation conditions is not
affected by the choice of recirculation operating modes. In addition, operation in
the SLO mode generally requires a reduction in the highest licensed flow-control
line. This situation makes events and conditions at the SLO equivalents of points
Ag and A' (Afrg, and A'g, shown in Figure 4-16) more sable than those
evaluated in the validation process conducted for two-loop operation.

The stability margin for reasonably limiting LOFH events that occur when
operating in the SLO mode is also not altered compared with similar events during
two recirculation loop operation. These LOFH events initiate from steady-state
conditions that are unchanged or more stable than the normal validation
conditions. Since the change in feedwater temperature for these events is not
dependent on recirculation system operating modes, the stability of reasonably
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limiting LOFH events is bounded by the initial application and reload review

validation analyses

The magnitude of a core flow reduction during a FRE 1s affected by the
recirculation system operating mode. In SLO, the maximum core flow attainable
with one recirculation pump in service is approximately one-half of rated core
flow. In addition, MEOD operation is not generally permitted in the SLO mode,
which reduces the maximum terminal power for any flow reduction event
'herefore, the stability of flow reduction events in SLO is bounded by the imitial

application and reload review validation analyses for two-loop operation

44.5 Setup Stability Region Boundary Validation

[0 intentionally enter and operate in the Restricted Region, the flow-biased
control rod block and flow-biased trip function setpoints that define the Restricted
and Exclusion Region boundaries are placed in the setup conditions. In this
situation, the entire Restricted Region 1s made available for reactor maneuvernng
with stability controls in place. The setup boundary setpoints are validated as part
of the boundary validation process since setpoint setup 1s assumed for the

validation analysis inside the Restricted Region

At natural circulation, the Restricted Region boundary is setup from point B
to B and the Exclusion Region boundary is setup from point B to B, as illustrated
in Figure 4-17. Since the control rod block prevents deliberate power increases
above B, the steady-state conditions and LOFH validation analysis performed at
point B confirms protection during normal setup operations. The presence of
stability controls under these conditions assures that the reactor remains stable as
confirmed by the validation process. Adherence to the stability controls and the
presence of forced circulation also assures significant reactor stability at point Ag,

which was demonstrated as part of the initial application (refer to Figure 4-8)

FREs are non-limiting under setup conditions. Prior to setting up the
stability region boundaries for entry into the Restricted Region, power
distributions are manipulated to meet the stability control requirement. This
process makes the reactor very stable when the region boundaries are initially
setup The limiting FRE for stability region boundary setup conditions

corresponds to the largest possible flow reduction that terminates at the highest
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flow-control line without resulting in automatic scram, and is defined to be the
event initiating at point A, and terminating at point B, (Figure 4-17).

The core average boiling boundary 1s relatively insensitive to reactor state
condition variations along a constant flow-control line that result from changes in
core flow. Therefore, the FRE terminal conditions 2* point By retain a high core
average boiling boundary. In addition, analysis of steady-state conditions with
stability controls in place along the natural circulation line near point B shows
considerable stability margin. Since the terminal state conditions for these FREs is
near point B (B,) and have a high boiling boundary, they also retain considerable
stability margin.

Flow reduction events from outside the Restricted Region (i.e., initial core
flow above state point A;) are addressed the analysis for normal setpoint
conditions, because they initiate prior to settin, ip the stability region boundaries.

Based on this assessment of the relationship between the stability
performance of reasonably limiting events for operation under stability region
boundary setup conditions, and operation under normal setpoint conditions,
validation of reactor stability when operating in the setup condition is addressed as
part of the initial application and reload review validation analyses.
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Figure 4-1:
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Figure 4-2: Effective Exclusion Region for Unrestricted Steady-State Operation
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Figure 4-3: Setup Region Boundaries for Steady-State Operation with Stability Controls

120 -
scram line
Core veil Bl
Power . _
(%) 1
80 -
“ - "/”/,"’ I - V-A' al 7.“ |
40 / e e
e I - Exclusion Region
0 Il - Restricted Region
i % -
. d{/ [ 3 4/ L] L i Ll
0 20 10 60 80 100

Core Flow (%)

6£LTE-OUIN




9Ty

Figure 4-4: LOFH and FRE Transients From Inside Restricted Region
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Figure 4-5: LOFH Transients From Qutside Restricted Region
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Figure 4-6: Intermediate Flow Reduction Events (IFREs)
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Figure 4-7: Enhanced Option I-A Licensing Boundary Generation Stability Criteria
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Figure 4-8: State Point Analysie with Stability Cortrols Supporting Exclusion Region Flow Clamp
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Figure 4-9: Restricted Region Events with Stability Controls
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Figure 4-10: IFRE versus Stability Performance
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Figure 4-11: GE BWR Instability Events (Excluding Testing)
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Figure 4-12: IFRE Scenario 1: Anticipated IFRE into Exclusion Region
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Figure 4-13

: IFRE Scenario 2: Anticipated IFRE into Restricted Region
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Figure 4-14: IFRE Scenario 3: Anticipated IFRE into Restricted Region followed by Unanticipated Event

Event Timeline

9t-v

Protective Features State 1 State 2 State 3 State 4 State §
Licensing Features: - — — —— s
.1ense-in-Depth Actions: -— — Exit Restricted Region
Defense-in-Depth Features: PBDS Restricted => =3

monitoring | Region Entry
stability Alarm
I
e 4 mmhe i
] e T — Relative Event Stability
{%) i . e » — :
- ; . .,‘ 3 v' 3 : 373 :
- }
- | Reiatve
| DR
o B
I - Exciusion Reglen
Reatricted Region
» ! Afonitored Hegion
s
. - e M - -
. e Ed - - 106 e
Core Flow {%) Event Time —»

6££TE-OUIAN




LEY

Figure 4-15: IFRE Scenario 4: Anticipated IFRE into Restricted Region followed by Unanticipated Power Increase
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Figure 4-16: Region Boundary Validation for Single-Loop Operation
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5. DEFENSE-IN-DEPTH METHODOLOGY BASIS

5.1 Purpose and Relationship to Licensing Methodology

The Enhanced Option I-A stability solution demonstrates compliance with
GDC-12 based solely on the licensing methodology features described in Section
4. Reactor instabilities under anticipated operating conditions are prevented by
these features. The preventive features of the licensing methodology automatically
protect the MCPR safety limit from reasonably limiting precursors to reactor
instability.

In strict terms, therefore, the licensing methodology provides the minimum
features necessary to comply with the design criteria. The design philosophy of
Enhanced Option I-A, however, requires ihat the soluaon nrovidr ivbust
protection from reactor instability. This requirement is driven by recognition that
the inherent complexities of reactor instabilities make precise analytical results
difficult. As a result, the concept of defense-in-depth is introduced into the
stability solution.

The defense-in-depth concept employs a series of automatic and mandated
manual operator actions. These defense-in-depth features are consistent with and
are an extension of the solution design philosophy. Their presence provides a
diverse means of preventing reactor instability and eliminates complete reliance on
a single system or methodology. Furthermore, protection can be extended to
potential and hypothetical events that are beyond anticipated operational
occurrences. The existence of protection for a broad spectrum of events also
reduces reliance on precise identification of what constitutes a reasonably limiting
event. The defense-in-depth features are applied to the solution such that
protection becomes more restrictive as the probability of reactor instability
increases.

In general, defense-in-depth methodologies differ from licensing
methodologies because explicit demonstration that safety limits are protected from
anticipated events is not required. The approach utilized in this solution is to
introduce extremely conservative actions where appropriate. The defense-in-depth
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features provide diverse protection against reactor instabilities irrespective of the
licensing methodology solution features.

5.2 Monitored Region Basis

The Enhanced Option I-A stability solution includes the Period-Based
Detection System (PBDS) as a defense-in-depth feature. The PBDS is required to
continuously operate in the Monitored Region, where reactor instability is
considered hypothetical. The PBDS is also required to be operable in the
Restricted Region. The combined region where the PBDS is required to be
operable is shown in Figure 5-1. To maintain methodology consistency with the
licensing features, the Monitored Region boundary is generated using the same
FABLE/BYPSS-based process utilized for the Exclusion and Restricted Region
boundaries. The Monitored Region boundary stability criterion, shown in Figure
5.2, is a function of core and channel decay ratios, and is significantly more
conservative than the Restricted Region criterion.

Because of the similarities between the defense-in-depth methodology for
generating the Monitored Region, and the licensing methodology for generating
the Exclusion and Restricted Regions, the plant-specific application of this
solution creates all region boundaries under one procedure. This process, which is
outlined in Section 4.3, utilizes the same Standard Cycle and Reference Cycle
designs.

However, because the Monitored Region is part of the defense-in-depth
features, specific validation of the region boundary is not necessary. Additional
rationale for not validating the Monitored Region boundary comes from the
definition of the region, which provides protection against hypothetical events.
These events are classified as hypothetical because the conditions necessary for
reactor instability outside the Restricted Region require the presence of core power
distributions and other stability related parameters that are outside the current
licensing basis of any BWR. Therefore, the concept of a reasonably limiting event
or state condition is not defined for the Monitored Region. The nominal setpoints
of the Monitored Region remain valid until the Reference Cycle design is
reperformed due to the requirements of the licensing features. No independent
reload confirmation of the Monitored Region Boundary is required.
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5.3 Period-Based Detection System

5.3.1 PBDS Integration Basis

The primary purpose of the stability detection system is to provide a
redundant, diverse means of preventing reactor instability that could challenge the
MCPR safety limit. The stability detection system utilizes the core power
oscillation period confirmation process of the Period-Based Algorithm (PBA) for
detecting the onset of reactor instability, and is therefore termed the Period-Based
Detection System (PBDS). The PBA is fully described in NEDO-31960 aund
Supplement 1 (References 1 and 2). Because the PBA inputs are restricted to
LPRM detectors, the PBDS is completely independent of the licensing
methodology that relies on core flow indication to generate a reactor trip reference.

Incorporation of the PBDS into Enhanced Option I-A 1s consistent with the
instability prevention solution design philosophy. The PBDS provides automatic
indication of reductions in stability margin to alert the operator when mandated
corrective actions are necessary. For this solution, any transient that can cause
reactor instability will either result in an immediate reactor scram or cause a
gradual erosion of reactor stability margin. Therefore, with an appropriately
selected alarm setpoint, sufficient time for manual operator action exists. Because
the PBDS is a defense-in-depth feature, no explicit demonstration of MCPR safety
limit protection or setpoint uncertainty analysis is required, although the PBA
methodology is able to provide formal MCPR safety limit protection when coupled
to an automatic reactor trip function. This automatic trip function is necessary
when the PBA is 1tilized as a stand-alone licensing methodology feature that must
protect against ins ‘ability events that can occur near natural circulation conditions.
Because Enhanced Option I-A automatically excludes operation under these
conditions, the PBDS need only operate under conditions where reactor instability
is not anticipated. Therefore, manual response to the PBDS alarms provides
conservative defense-in-depth protection.

A PBA based stability detection system was chosen for inclusion in
Enhanced Option I-A because it provides rapid response to changes in reactor
stability margin, conventional noise analysis type stability monitors have
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significant lags in their response. Furthermore, the PBDS is amenable to
applications where specific alarm setpoints are necessary.

5.3.2 Penod-Based Detection System

The PBDS utilizes specific LPRM signal inputs to monitor the core for the
presence of precursors to reactor instability. LPRMs are chosen from the existing
group associated with any one APRM channel. In some BWR types, the two
LPRM groups that are not associated with any particular APRM still qualify for
use as an input set for a PBDS channel. The PBDS utilizes all LPRMs within a
group, except for the upper, D level, detectors.

With the core stable (DR <1.0), global neutron flux noise perturbations
decay rapidly. As reactor stability is reduced (DR —» 1.0), these giobal neutron
flux noise perturbations begin to decay more slowly. The PBA algorithm has the
ability to detect reduced reactor stability margin based on the number of power
oscillation period confirmations. The manner in which the PBA detects neutron
flux oscillations is documented in Reference 1

Enhanced Option I-A incorporates two PBDS channels into the Neutron
Monitoring System. This arrangement provides redundant defense-in-depth
capability since only one channel is required to be operable. Since the PBDS is
redundant, one system channel can be inoperable to perform maintenance or
testing while operating within the Restricted or Monitored Regions. When
operating outside the Monitored Region, no specific requirements for PBDS
operability exist, and the system may remain inoperable indefinitely.

5.3.3 PBDS Setpoint Methodology

The PBDS is designed to generate two stability related alarm signals. The
Hi-Hi Decay Ratio alarm indicates an unacceptable loss of stability margin and
requires a manual scram without delay. The Hi Decay Ratio alarm, which is an
optional solution feature, can provide an early indication of reduced stability
margin. In order to establish the corresponding period count setpoints, N, and
N,, a simple period confirmation count model is introduced, which relates core
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decay ratio to the period confirmation count. This model and desired PBDS
performance characteristics are then used in determining the PBDS setpoints.

5.3.3.1 Penriod Confirmation Count Model

The ability of the PBA to identify the onset of reactor instability as reflected
in the characteristics of core power oscillations in recorded plant data is
demonstrated in Reference 3. Analysis of recorded steady-state plant data with the
PBA demonstrated that very low period confirmation counts are associated with
low core decay ratio operations.

The relationship betweer core decay ratio and successive period
confirmation count is readily apparent for asymptotic situations. For a high decay
ratio (DR = 1.0), the period count approaches infinity; for a very low decay ratio
(DR = 0), the period count approaches zero. The number of observable oscillation
periods resulting from a disturbance to a stable system is related to the core decay
ratio and 1s reduced from infinity to zero as the decay ratio changes from 1.0 to
0.0. The two asymptotic situations are illustrated in Figure 5-3.

The period confirmation count associated with intermediate core decay ratios
incr-ases with core decay ratio. The most important mechanism that can cause
interruptions in the PBA successive period confirmation count is the inherent
stochastic neutron noise in the LPRM signal. To establish the behavior of the
period confirmation count as core decay ratio transitions between 0.0 and 1.0, a
model that accounts for the signal noise characteristics is required. The primary
objective of the period confirmation count model is to establish a general
functional relationship between core decay ratio and period confirmation count for
a given plant-specific neutron noise signature. To this end, a simple reactor core
neutron noise model is presented.

5.3.3.1.1 Neutron Noise Components

The neutron noise is assumed to consist of two independent and temporally
random components: (1) a global noise component that is core-wide and caused by
perturbations to the dynamic behavior of the reactor coolant, and (2) a local noise
component caused by local stochastic phenomena in the reactor coolant.
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The source of the global noise component is external to the reactor core.
Typical global neutron noise sources are reactor pressure and flow perturbations.
These perturbations are temporally random, and can have a coherent effect on the
entire core. The global noise component characteristics are plant-specific and
have a maximum perturbation amplitude of approximately 2 to 5% of rated power
under stable reactor operating conditions.

NEDO-32339

The source of the local noise component is internal to the reactor core. Local
neutron noise sources consist of local stochastic perturbations in channel flow and
coolant boiling. These random perturbations only affect nearby LPRMs. The
local noise component is characterized by a small average amplitude that is
typically less than 1% of rated core power. The local noise spans a wider range of
frequencies than the global noise, including frequencies that are much higher than
those expected from power oscillations induced by coupled neutronic/thermal-
hydraulic instability.

In the PBDS, LPRM signals are conditioned to filter out all frequencies
above a certain corner frequency, set above the known frequency range for reactor
instability. Signal conditioning reduces the disruptive effect of the local noise
component of the LPRM signal on the period confirmation count process for
successive oscillations.

5.3.3.1.2 Neutron Noise Decay Phenomena

Core decay ratios greater than or equal to unity result in power oscillations
that have achieved or are converging to limit cycle oscillations with a constant
period. These power oscillations are associated with reactor instability and are not
compatible with the preventive design philosophy of Enhanced Option I-A.
Therefore, the following discussion only considers decay ratios that range between
zero and one, so that any perturbation of core neutron flux will eventually decay in
time.

In a stable reactor, occasional global noise perturbations occur that are
sufficiently large to create a coherent core response that is regionally coupled and
decays with an exponential attenuation. The oscillatory signature of this core
response decays until either global perturbations out of phase with the initial
perturbation occur or until the decaying oscillation is sufficiently weak that local
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neutron noise disrupts the coherent response of the system. For this model, a
threshold noise level is defined to be the power oscillation amplitude at which
small global perturbations and local noise effects disrupt an oscillation created by
a large global perturbation to the extent that the PBA cannot discriminate the
oscillation period.

The threshold noise level is a function of the LPRM signal conditioning,
since removal of the high frequency component of the noise by the conditioning
filter reduces the disruptive effects on the successive period count process and
therefore effectively lowers the threshold noise level.

Typically, multiple global noise perturbations can occur within any one
period of a given power oscillation, creating random changes in frequency and
amplitude, and preventing successive oscillation period confirmations. However,
since the noise is random, occasionaliy a large global perturbation decays in the
absence of other large global perturbations.

The probability that the response to a global noise perturbation will decay to
the threshold noise level undisturbed is higher for low decay ratio conditions, since
the decay is rapid. However, the likelihood of successive period counts is very
low because of the rupid decay. As decay ratio increases, a higher successive
period count is possible because of the slower decay. However, the probability for
additional large global noise perturbations during the decay that would terminate
the confirmation process is higher. Nevertheless, occasionally the global
perturbation decays to the threshold noise level, resulting in a higher period count.
At intermediate decay ratios, a subsequent global perturbation during the decay
may have a reduced effect on the oscillation frequency because the reactor
response is more coherent. This is cxpected to further increase the probability for
a full decay to the threshold noise level, which will result in a higher period count.

For high decay ratio conditions, the oscillatory perturbation signature
approaches limit cycle or decays very slowly. Since the core response is
increasingly coherent and strongly coupled, subsequent global perturbations do not
alter the oscillatica frequency, but only enhance or diminish the oscillation
amplitude. This behavior can be clearly observed for the filtered LPRM signal
shown in Figure 5-4. The figure also demonstrates that some level of signal
conditioning, which filters out high frequency responses outside the range

5-7



NEDO-32339

expected for reactor instability, is essential for application of the PBA and for
construction of a neutron noise model.

5.3.3.1.3 Analytical Model

The power oscillation period confirmation count can be related to the core
decay ratio using the neutron noise model of the LPRM signal signature described
above. Specifically, a single global noise perturbation representing a typically
large perturbation amplitude, 5A,, is introduced and allowed to decay to the
threshold noise level, 8A,. Over the interval in which the perturbation amplitude
decreases from 5A, to 8A,, successive period confirmations occur. When the
perturbation amplitude reaches 8A,, the successive period confirmation count is
terminated.

The PBA establishes the base period after one oscillation period and obtains
the first peiiod confirmation in the next half-period.  Subsejuent period
confirmations are obtained every half-period at the signal maxima and minima.
The period confirmation count model is illustrated in Figure 5-5. For a stable
reactor, with decay ratio (DR) less than unity, the amplitude reduction per half-
period is VDR . Since the first period is associated with two half-periods, the
perturbation amplitude after N successive period confirmations are identified (N+2
half-periods) is given by 8A x (vDR)¥?. Since the successive period count is
assumed to terminate when the perturbation amplitude reaches 8A , it follows that

8A, x (VDR)""* =8A, (5-1)
where N is the period confirmation count when the amplitude reaches 8A,.

The decay ratio can be related to the period count by

8A,
BA,

DR = (2R0yw-: (5-2)

or
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2

DR = RN, (5-3)

BA
where R =—2
SA

|

The noise factor, R, is plant-specific and represents an effective ratio of the
threshold noise level to a typically large giobal noise perturbation as observed in
the conditioned LPRM signal. The period confirmation count, N, represents the
maximum number of successive confirmations that are expected to be observed for
a given core decay ratio condition. Equation 5-3 represents the relationship
between the core decay ratio and the successive period confirmation count
parametric in the noise factor R. This model relationship is illustrated for a wide
range of noise factors in Figure 5-6.

For convenience, Figure 5-6 makes use of the inverse of the noise ratio
factor, ®'. In the limit where the global and threshold noise amplitudes are the
same (R ' = 1), successive period confirmations are not possible for decay ratios
less than waty. For a very small noise factor (e.g., R™' =10000), a high period
count occurs at low decay ratios. This is an expected outcome of the model, since
the threshold noise is effectively removed (e.g., use of large penod tolerance).
The model shows that intermediate noise factors provide varying levels of
confirmation count responsiveness for a given core decay ratio.

The plant-specific application of the PBDS will adjust the PBDS setpoints to
provide a PBA sensitivity consistent with an intermediate R value. This is doo# to
avoid excessively responsive configurations (e.g., ®' =10000) or unresponsive
configurations (e.g., ® ' =1). The functional shape of the intermediate ranges of
% is consistent with the characteristics of other noise-based detecaon systems.
Specifically, for a given range of noise factors, the decay ratio range (or
uncertainty) associated with a period confirmation count is large for low decay
ratios and decreases significantly for high decay ratios.

5.3.3.2 Setpoint Selection

The PBDS setpoints consist of specific period confirmation count vaiues that
represent varying levels of stability margin. Equation 5-3 relates the core decay
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ratio to the specific period confirmation count associated with a given signal
characteristic (') To determine the PBDS setpoints, it is necessary to identify
the expected decay ratio range during reactor operations and the desired
conditioned IPRM signal characteristics. The determination of the PBA
parameters' values needed to achieve the PBA detection objectives and to maintain
the target conditioned LPRM signal characteristics for a plant-specific application
is addressed below.

5.3.3.2.1 Decay Ratio Range

The core decay ratio between zero and one can be divided into three ranges:

a. Low decay ratio,
b. Intermediate decay ratio, and
¢. High decay ratio.

Reasonable values for low, intermediate and high decay ratio ranges are 0 to
0.5, 0.5 to 0.8, and 0.8 and higher, respectively. A summary of the decay ratio
ranges is provided in Table 5-1. The low decay ratio range is expected to envelop
normal reactor operations. For Enhanced Option I-A, reactor operation in the
Restricted Region with the required stability controls or outside the Restricted
Region ensures a low decay ratio during startup and shutdown evolutions.

Deviations from normal operating conditions near or inside the stability
regions may result in a moderate reduction in stability margin. As a result, the
core decay ratio increases into the intermediate range. An optional PBDS alarm is
available to alert the operator to the decay ratio increase. This alarm, defined as
the Hi Decay Ratio alarm, can allow the operator to take timely preventive actions
to mitigate further reductions in core stability margin, but is not required as part of
the Enhanced Option I-A stability solution since no reactor safety issue is
associated with the alarm.

Extreme operating conditions and unanticipated transients can result in a
significant loss of stability margin. As a result, the core decay ratio may increase
into the high decay ratio range. In this range the reactor is either unstable or is on
the verge of becoming unstable. The PBDS provides an alarm that requires the
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operator to manually scram the reactor without delay if the high decay ratio range
has been reached. This alarm is defined as the Hi-Hi Decay Ratio alarm.

Normal off-rated operations are expected to result in a decay ratio well
within the low decay ratio range. Actual decay ratios during normal operations
cannot be established precisely because of the large uncertainty in decay ratio
measurements in the low decay ratio range. If used, the Hi Decay Ratio alarm
should be set in the intermediate decay ratio range above a decay ratio of 0.5 and
can be reasonably associated with a decay ratio range of 0.6 to 0.7.

The Hi-Hi Decay Ratio alarm is s¢i at the low-end of the high decay ratio
range and is associated with a decay ratio near 0.8. The 0.8 decay ratio is selected
because, during the transition from 0.8 core decay ratio to 1.0, the core's
oscillatory response to perturbations becomes increasingly coherent and
accelerated such that each LPRM response becomes coupled to the behavior of the
entire core and cannot be considered random. Since the period confirmation count
model is based on an isolated LPRM decay signature and does not account for the
increasingly self-sustained oscillatory behavior of the core at high decay ratios, the
modeling assumptions of Equation 5-3 break down and the model is expected to
under-predict the oscillation period count in the high decay ratio range. The
alarms, associated operating conditions and decay ratio ranges are suiamarized in
Table 5-2.

5.3.3.2.2 LPRM Signal Characteristic

In addition to establishing the decay ratio range in order to determine the
PBDS setpoints, it is nccessary to identify the desired signal characteristic (R™').
This is accomplished by comparing the signal characteristic, based on Equation
5-3, to the decay ratio range identified in Table 5-2. The decay ratio comparison
is illustrated in Figure 5-7. From Figure 5-7, different %' and successive period
confirmation count values intersecting the three decay ratio ranges can be
discerned.

Target conditioned LPRM signal characteristics are determined based on the
PBDS objectives. A choice of a very low or very high 9" value is not appropriate
for the PBDS. A low value (e.g., 2) will not provide any period confirmation
count during normal operations and will resuit in a Hi-Hi Decay Ratio alarm at 2
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very low confirmation count, making the PBDS insensitive to changes in decay
ratio. A high R value (e.g., 15) will result in a high period confirmation count
during normal operations (up to 7) and over 20-period count for the Hi-Hi Decay
Ratio alarm (Figure 5-6), making the PBDS overly sensitive to changes in decay
ratio. Therefore, an intermediate value of ®™' is selected.

The total number of successive period confirmations required for the Hi-Hi
Decay Ratio alarm must be limited to a value between approximately 10 and 15.
This is done to ensure quick system and operator response to avoid prolonged loss
of stability margin for conditions where the core decay ratio approaches unity. As
can be seen from Figure 5-7, the value of R’ should not exceed approximately 6
to meet this requirement.

The low period count range (N equals 2 to 3) is reserved for PBDS
calibration during normal off-rated operations. The calibration process is
necessary to determine the plant-specific values of the PBA parameters. An
occasional period confirmation count in the 2 to 3 range during normal operations
is necessary to ensure that the PBDS is sufficiently sensitive to respond to an
increase in the core decay ratio. As can be seen from Figure 5-7, the value of R
should not fall below approximately 4 to meet this requirement. Selecting the
range of |~ between approximately 4 and 5 corresponds to | to 3 successive
confirmation count for core decay ratio between 0.3 and 0.5.

5.3.3.2.3 Setpoint Determination

Consideration of the PBDS detection objectives and the target decay ratio
ranges can be used to establish the PBDS setpoints. As illustrated in Figure 5-8,
the ®'range of 4 to 6 resuits in a maximum period confirmation count range of 2
to 3 during normal operations, 4 to 8 for the Hi Decay Ratio alarm, and 11 to 15
for the Hi-Hi Decay Ratio alarm.

To determine the Hi and Hi-Hi Decay Ratio alarm setpoints, the calibration
of the PBDS at normal off-rated operating conditions is first considered. For
example, the PBDS parameters may be set to achieve a maximum count of 2 to 3,
so that the system's confirmation count is sensitive to variations in decay ratio and
to maintain a low maximum count during expected normal operations. The Hi
Decay Ratio alarm setpoint may be selected within the period confirmation count
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range of Figure 5-8 and above the normal period count. To maintain sufficient
separation between the confirmation count at the low decay ratio range (i.e., 2 to
3), the Hi Decay Ratio alarm range may be selected corresponding to a decay ratio
of 0.7, which results in a confirmation count of 6 to 8. Implementation of the Hi
Decay Ratio alarm is optioral. Selection of a specific Hi Decay Ratio alarm
setpoint value and definition of associated operator actions is not addressed in this

report.

The Hi-Hi Decay Ratio alarm may be selected within the period confirmation
count range of Figure 5-8 at the 0.8 decay ratio threshold. As illustrated, the
appropriate count value for the Hi-Hi Decay Ratio alarm is 11. The alarm
setpoints and the target PBDS sensitivity during normal off-rated operations are
summarized in Table 5-3 and illustrated in Figure 5-9.

Since the PBDS calibration process results in a8 maximum penod
confirmation count of 2 to 3, core decay ratios below 0.5 during normal operations
will result in a ®' value above 6 and, therefore, greater system sensitivity. Th'-
calibration process is therefore conservative. Increased system sensitivity is
expected to affect the approach to the Hi-Hi Decay Ratio alarm. However, the
actuation of the Hi-Hi Decay Ratio alarm is not expected to be affected because of
the alarm logic employed (see below).

The process of determining the PBDS period count setpoints is plant-
independent and results in a generic PBDS Hi-Hi Decay Ratio alarm setpoint.
However, plant application of the PBDS requires selection of plant-specific values
for certain PBA parameters to establish the necessary noise characteristics of the
conditioned LPRM signal.

5.3.3.2.4 PBDS Alarm Logic

The Hi-Hi Decay Ratio alarm setpoint (11 successive period confirmation
counts) is expected to be reached or exceeded as the core approaches the high
decay ratio range. During the transition into high decay ratio conditions, the
probability for a single occurrence of a 11-confirmation count increases. The
probability of a sustained period confirmation count is high, however, only when
the core is on the verge of instability. Moreover, most of the LPRM signals are
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expected to exhibit a higher confirmation count, and overlapping 11-confirmation
counts from different LPRM signals are expected.

The Hi-Hi Decay Ratio alar~. logic is based on a single PBDS card output.
However, since multiple 11-coniirmation counts from different LPRM signals are
expected to overlap, the alarm is based on a two-out-of-all-LPRMs per channel
logic. This logic increases the reiiability of the Hi-Hi Decay Ratio alarm. If an
analog output is available, observable from the reactor controls in the controi
room, and is operable, verification against the PBDS card analog output may be
performed without delay prior to the manual scram. Upon validation of the Hi-Hi
Decay Ratio alarm based on the analog output, the reactor is manually scrammed
without delay. A summary of the PBDS alarm logic is provided in Table 5-4.

If the Hi Decay Ratio alarm is implemented, the setpoint (6 to 8 successive
period confirmation counts) is expected to be reached following a substantial
reduction in stability margin. The Hi Decay Ratio alarm is optional and the
setpoint is plant-specific, selected based on operational and plant reliability
considerations. Since only one PBDS card is required to be operabie, the alarm
logic is based on the output from a single card. Furthermore, since multiple period
counts from different LPRM signals are not expected to overlap in the
intermediate decay ratio range, the alarm logic is based on a single period count
occurrence that reaches the selected Hi Decay Ratio alarm setpoint.

5.3.3.2.5 Spurious Alarm Considerations

The Hi-Hi Decay Ratio alarm setpoint is conservatively selected at the low-
end of the high decay ratio band in Figure 5-7. The following discussion
demonstrates that the selected setpoint will not lead to unnecessary alarms (i.e.,
manual scrams) during normal off-rated operations.

During operations near or inside the stability regions, core decay ratios are
expected to remain in the low range. The period confirmation count remains,
based on the period confirmation count model, in the 2 to 3 range. This count
represents the occasional situation where a global perturbation is permitted to
decay to the threshold noise level. Typically, the confirmation count remains at
zero (i.e., successive time periods not satisfying the base period criteria) because
the large global noise perturbations overlap.
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Overlapping global noise perturbations (perturbations occurring within a
single oscillation period) will usually disrupt and terminate the successive period
count. It is conceivable, however, that subsequent global perarbatons will be
introduced in phase relative to the initial perturbation and will reimorce and
sustain the successive count even at low core decay ratios. The Hi-Hi Decay Ratio
alarm setpoint has to be sufficiently high to avoid an alarm as a result of an in-
phase series of random global noise perturbations.

The period confirmation count model is used to estimate the probability of
reaching or exceeding the Hi-Hi Decay Ratio alarm setpoint during low decay
ratio operations. To simplify the discussion, the first 3-confirmation count is
assumed to be uninterrupted. At this time, the initial perturbation is attenuated to
the threshold noise ievel. To sustain a successive period count to the Hi-Hi Decay
Ratio alarm setpoint, 8 additional periods, equal to the base period, are needed.
This 1s accomplished by introducing 8 global noise perturbations at the appropriate
time intervals.

If the 8 additional periods are generated by less than 8 independent global
noise perturbations, then more than one confirmation per perturbation is required.
Since two or three successive confirmations occur only every few minutes, the
probability for 8 successive additional confirmations is lower. For the purpose of
this demonstration, only the 8 independent global noise perturbatior model is
considered.

Specifically, the subsequent global noise perturbations are introduced once
per half-oscillation period (which corresponds to each successive period count),
inside the period tolerance band and in phase with the previous oscillation period.
The period tolerance band (i.e., 2¢) is set at 10% of the oscillation period. The
perturbation can be either positive or negative. It must be negative at a peak and
positive at a minimum to sustain the oscillations and, therefore, has a 50%
probability of occurrence. Assuming only a single global perturbation per
oscillation period and the appropriate value of R, the probability for sustaining 8
successive confirmations is given by:

] L L -1
p':—(-i-d) x(—z!-) =4x10 (5-4)
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where p, represents the probability for 8 successive confirmations, provided that a
3-confirmation count haa occurred. 1If a five-second time interval is conservatively
assumed between 3-confirmation count occurrences, the probability per second for
8 successive confirmations, P,, is given by:

P, =p,/(5second) =8 x 10" / second (5-5)

It is possible to sustain a successive count by introducing a global
perturbation every other period count, which will appear to increase the
probability calculated in Equation 5-4. However, the possibility for overlapping
global perturbations within one oscillation period, and the variations in global
perturbation amplitudes that are conservatively ignored in the derivation of
Equation 5-4 more than compensate for the possibility of not having any
perturbation during the oscillation period. Equations 5-4 and 5-5, therefore,
represent a conservative probability estimate.

The probability of 11 successive confirmations occurring for a single LPRM
during reactor operations near or inside the stability regions in a plant life-time 1s
estimated next. With a plant life-time of 40 years with 5% of the operation near or
inside the stability regions, the total probability, P,, is obtained by multiplying P,
of Equation 5-5 by the operation time:

P, = P, x 40 % 0,05 x o = § x 10™. (5-6)
second

A more realistic assumption for the time interval between 3-confirmation
count occurrences at low decay ratios is on the order of minutes. Therefore, the
probability of Equation 5-6 can reasonably be applied to all PBDS LPRMs
(approximately 30). Equation 5-6 demonstrates that with an appropriate PBDS
calibration to achieve a 2 or a 3-confirmation count during low decay ratio
operations, the probability for spurious 11-confirmation count due to random noise
perturbations is negligible. Moreover, a spurious Hi-Hi Decay Ratio alarm, which
is based on a setpoint logic requiring two overlapping confirmation counts to reach
the alarm setpoint, is not credible.

5-16



NEDO-32339

The probability assessment for the Hi-Hi Decay Ratio alarm can be applied
n a similar fashion to the Hi Decay Ratio alarm. The Hi Decay Ratio alarm can
be selected between 6 and 8 successive period confirmation counts as compared to
a 11 successive period confirmation count for the Hi-Hi Decay Ratio alarm
'herefore, Equations 5-4 and 5-5 when applied to the Hi Decay Ratio alarm range

for a setpoint of 6 counts results in

! second hour

second=2x10" / hour (5-8)

nts the probability during low decay ratio operations for 3
successive confirmations subsequent to the initial 3-confirmation count, and p, the

probability for 5 successive confirmations

According to Equations 5-7 and 5-8, for a source of random noise, a 6 to 8
period confirmation count occurs during low decay ratio operations approximately
once every ten hours to five thousand hours for a single LPRM. This 15 a
conservative estimate, since it is based on a five-second separaton between

bsequent occurrences of a 3-confirmation count. If a few minute interval 1s used
Equations 5-7 and 5-8 the results can be applied for all PBDS LPRMs. Ths
assessment 1s conservative, since overlapping global perturbation within one
oscillation period and variations in global perturbation amplitudes are ignored. If a
Hi Decay Ratio alarm is implemented, considerations of spurious alarm frequency

based on this assessment can be used for setpoint selection

Plant-Specific «‘«,;a;xii\;m.\u

I'he implementation of the PBDS for a specific plant requires an appropnate

determination of the PBA parameters' values to ensure the applicability of the

PBDS alarm setpoints. The PBA parameters are divided into a set of generic

parameters and a set of plant-specific parameters. The genenc parameters are
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common to all plants and are determined based on the BWR thermal-hydraulic
instability phenomenon and PBA performance requirements. The plant-specific
parameters are determined based on specific plant neutron noise characteristics by
apy ropriately calibrating the PBDS at normal off-rated operating conditions.

5.3.3.3.1 PBA Generic Parameters Specifications

The basis for the selection of the PBA generic parameters and their values
follows:

1. Sample Interval (tg)

The sample interval should be selected to allow sufficient resolution of an
oscillation cycle to determine the magnitude and temporal location of the
peaks and minima of the oscillation input signal. It should also be selected
to ensure sufficient flexibility in the selection of the period tolerance. The
sample interval is therefore set to 50 milliseconds, which represents a short
sample interval for the PBDS application.

2. Minimum Oscillation Period (Tmin)

Tmin should provide a lower bound to all expected oscillation periods. On
the basis of experience and analysis, the oscillation frequency for an
external recirculation pump GE BWR design is less than 0.8 Hz. Tmin is
therefore set to 1.2 seconds in order to bound this frequency range.

3. Maximum Oscillation Period (Tmax)

Tmax should provide an upper bound to all expected oscillation periods.
On the basis of experience and analysis, the oscillation frequency is greater
than 0.25 Hz. Tmax is therefore set to 4.0 seconds in order to bound this
frequency range.

4. Conditioning Filter Order (P¢)

PBA testing has demonstrated that a two-pole filter is adequate for the
PBDS application. The performance of the conditioning filter depends on
the comner frequency (a more direct and convenient parameter to achieve a
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desired frequency range) in addition to the filter order. The filter order is
set equal to 2.

The basis and values of the generic PBDS parameters thar are common to all
plants are summarized in Table 5-5.

5.3.3.3.2 Determination of PBA Plant-Specific Parameiers

The neutron noise characteristic is plant-specific. Since generic PBDS
setpoints are used for all plants, the noise characteristic, R, is targeted in a
common, narrow range (4 <® ' <6). In the period confirmation count model, R’
is defined as the effective ratio between a typical global perturbation amplitude
and the threshold noise level. The oscillation period confirmation couni is
determined by the PBA based on raw plant-specific noise signatures and the PBA
parameters. Therefore, R in Equation 5-3 depends on the specific values of the
PBA parameters and is the ratio between the initial amplitude of typically large
global neutron noise perturbations and the threshold noise amplitude where the
oscillation period confirmation process is disrupted, as seen by the PBA. R is
controlled by varying the LPRM signal conditioning filter and the period
confirmation tolerance. Since the order of the conditioning filter is fixed, only the
filter corner frequency is considered in this process. The period tolerance and the
filter comer frequency are set during normal off-rated operating conditions to
ensure that the appropriate successive period count is achieved.

LPRM signal conditioning is necessary to allow PBDS oscillation
confirmation count capability at the low to intermediate decay ratio range.
Without signal conditioning, the high frequency component of the noise will
prevent the PBA from discerning oscillation periods until the reactor becomes
unstable and the oscillations grow large. However, a residual high frequency
component just above the expected frequency range for thermal-hydraulic
instabilities is useful in controlling the effective threshold noise level. A lower
filter comer frequency reduces the high frequency component of the noise, which
results in a low effective threshold noise level and therefore high R~ value.

The filter comer frequency is set just above the expected oscillation
frequency range (0.3 to 0.7 Hz). A target value of 2.0 Hz is appropriate. Although
the PBDS performance is primarily affected by the selection of the period
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tolerance. the filter corner freouency is also allowed to be adjusted to ensure
sufficient design flexibility to aclueve the target ®™' value. For example, with a
sufficiently high comer frequency, the period count can be completely suppressed
for all decay ratios less than one. The range needed to support the PBDS
calibration during normal off-rated conditions is 1.0 to 3.0 Hz

The period tolerance is used to fine-tune the PBDS successive period count
performance. The minimum value that can be selected for the period tolerance 1s
the sample interval, tg Period confirmation for this setting is difficult at low and
intermediate decay ratio ranges due to variations in measured time periods. As the
period tolerance increases, larger variations in the measured time periods can be
accommodated and the successive period count increases. For a sufficiently large

period tolerance, high period counts can be achieved at any decay ratio

The period tolerance is selected above the sample interval value (50
milliseconds). A target value of 150 milliseconds is appropnate based on PBA
testing. The range needed to support PBDS calibration during normal off-rated

conditions 1s 50 to 300 milliseconds

The target values and calibration ranges for the period tolerance and the filter
corner frequency are summarized in Table 5-6. The PBDS card hardware design
allows on-line adjustment of these parameters. For each plant, appropriate PBDS
performance is establishied during expected normal off-rated conditions, with the
core decay ratio in the low range, by adjusting these parameters to achieve

maximum successive period confirmation counts between 2 and 3

3 3.3 3 Validation of PBDS Caiibration Process

A comparison of available test data of PBA performance against actual plant
data is used to validate the following PBDS features and setpoint modeling

assumptions

|. The relationship between core decay ratios and successive penod
confirmation counts, parametric in ‘R

“5

2. The effect of the adjustable PBA parameters on R

The need for plant-specific PBDS calibration
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The PBA test data was generated by applying the PBA to LPRM signals
recorded for different plant operating conditions, including stable and unstable
conditions. The same data was also analyzed using conventional noise-analysis
methods to establish the decay ratio at each reactor operating condition. In
general, the results at high decay ratios are more reliable; noise analysis methods
are less accurate when applied to data at low decay ratios.

The application of the PBA to recorded LPRM data generates successive
period confirmation counts as a function of recording time. The same data is used
to estimate the core decay ratio as a function of recording time. The maximum
period confirmation count generated for a time period where the decay ratio is
approximately constant is identified for different decay ratio values. This
information 1s compared to the period confirmation count model predictions
(Equation 5-3). The correlation between the calculated decay ratio and the
confirmation count is expected to be approximate since large variations exist in
decay ratios calculated by noise analysis, particularly for the low decay ratio
range.

Figures 5-10, 5-11 and 5-12 provide comparisons of estimated decay ratios to
successive confirmation counts for a single plant at different fuel cycle conditions
and different PBA settings. For all cases, the sample interval is 50 milliseconds.
The comer frequency and period tolerance used in each case are indicated in the
figures. The test data in the figures correspond to several LPRM signals. This is
done to simulate the actual PBDS output which is based on up to 18 LPRM
signals. The scatter in the confirmation count is due to uncertainties in calculated
decay ratios and variations in LPRM response.

Figure 5-10 illustrates a set of PBA parameter values that result in an
appropriate PBDS calibration for the analyzed reactor. A corner frequency of 1.5
Hz and period tolerance of 100 milliseconds result in a decay ratio to confirmation
count relation nominally associated with ®' = 5. Calibration of the PBDS with
these settings for this plant and fuel cycle will result in a maximum of 2 to 3
successive confirmations at the low decay ratio range during normal operations
and a Hi-Hi Decay Ratio alarm when a 0.8 to 0.9 decay ratio is approached. An
increasing decay ratio corresponding, to greater confirmation counts, consistent
with Equation 5-3 is evident.
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Figure 5-11 illustrates two different sets of PBA parameters with different
filter comer frequency values that are applied to the same test data. The period
tolerance is 150 millisecond and the filter corner frequencies is either 1.5 or 2.5
Hz. The trends of the decay ratio as a function of successive period confirmation
counts are consistent with the confirmation count model (Equation 5-3) for both
settings. In addition, lowering the filter comer frequency results in a general
increase in period confirmation count for a given decay ratio. This change
increases the PBDS sensitivity. The observed trend is consistent with the expected
effect of lowering the filter corner frequency to reduce the disruptive effects of the
high frequency noise component on the confirmation process.

The PBA sensitivity, in particular with the high corner frequency, is low as
indicated by the response trends which lie above the target 8'. The PBDS
sensitivity should be increased in the low decay ratio range to achieve a maximum
of 2 to 3 successive confirmation counts. This can be achieved by either lowering
the filter comer frequency further (e.g., to 1.0 Hz) or by increasing the period
tolerance (e.g., to 200 milliseconds).

Figure 5-12 illustrates the PBDS response for two sets of PBA parameters
with different period tolerance values. These are applied to the test data used to
generate the results of Figure 5-10. Only high decay ratio data are shown for this
comparison. The trends of decay ratio as a function of successive confirmation
count are shown for different values of the period tolerance. A higher
confirmation count is observed for the higher period tolerance value. This trend is
consistent with the expected effect that higher period tolerance has on the
reduction in discrimination of identified periods relative to the base period.

The low period tolerance setting (i.e., 100 milliseconds) provides an
appropriate PBDS calibration for the analyzed reactor conditions that are
consistent with the conditions in Figure 5-10. The higher period tolerance value
(i.e., 150 milliseconds) results in a PBA performance below the target. This
setting is too sensitive and will result in excessive confirmation count in the low
decay ratio range.

A comparison of the parameter settings used to process the LPRM data
shown in Figure 5-10, to the low filter comer frequency parameter setting used to
process LPRM data from an earlier cycle for the same plant as shown in Figure
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5-11, demonstrates that variations in plant noise characteristics between cycles
may require cycie-specific tuning of certain PBA parameters. This tuning is
necessary to ensure performance of the PBDS consistent with the confirmation
count model. The parameter settings of Figure 5-11, which are more relaxed
relative to Figure 5-10 (i.e., relative higher period tolerance for the same filter
comer frequency), should result in a higher ®™' if applied to the same plant
conditions represented by Figure 5-10. However, the resulting R in Figure 5-11
is lower for the specific plant cycle characteristics. Therefore, the reload cycle
represented in Figure 5-11 has a more noisy LPRM signal than the initial cycle in
Figure 5-10. This data confirms the need for cycle-specific verification of the
appropriate sensitivity of the PBDS in the low decay ratio range during reactor
startup. The appropriate calibration of the PBDS can be verified or adjusted as
necessary at the beginning of each cycle by ensuring that the period confirmation
count reaches a maximum of 2 to 3.

5.4 Automatic Features

5.4.1 Flow-Biased Scram Ciamp

The Exclusion Region is demonstrated to provide protection for the MCPR
safety limit for all anticipated events, including core flow reduction events. For
flow reduction events, the location of the Exclusion Region clamp is specifically
validated against reasonably limiting IFREs that terminate within the Restricted
Region. Since these events initiate from areas of the operating domain where no
specific stability related restrictions on core power distribution exist, they
potentially pose a challenge to the stability solution. For these events, analysis
demonstrates that reasonably limiting IFREs that terminate outside of the
Exclusion Region remain stable. However, unanticipated combinations of plant
transients involving an IFRE terminating within the Restricted Region may
potentially result in unacceptable loss of stability margin.

Specifically, LOFH transients that are not normally associated with TFREs
can cause high core decay ratios if initiated immediately following the IFRE.
These unanticipated scenarios are characterized by large power increases
following the core flow reduction. The power increase is caused by the core inlet
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subcooling transient associated with the LOFH. The combination of low initial
core average boiling boundary and increased power can diminish reactor stability
margin under these unanticipated conditions.

To provide protection from this and other unexpected combinations of
transients at high flow-control lines within the Restricted Region, the core flow-
biased neutron flux scram function of the Neutron Monitoring System has its
power axis intercept clamped above the highest licensed operating flow-control
line in the Restricted Region. This defense-in-depth feature provides substantial
protection from the most severe unanticipated stability related transients, which
occur at high flow-control lines. Because these events usually involve large core
power increases, the transient is automatically terminated when the clamped flow-
biased scram setpoint is reached. The protection provided by the clamped flow-
biased scram is illustrated in Figure 5-13.

Because this feature 1s not part of the licensing methodology for Enhanced
Option 1-A, setpoint methodology and explicit analysis are not necessary.
Furthermore, the clamped flow-biased scram setpoint cannot be adjusted too low,
or the frequency of unnecessary reactor scrams and associated challenges to
reactor safety systems will be adversely affected. Based on these considerations,
the actual clamped flow-biased scram setpoint is placed such that it is
approximately 5% above the highest normal APRM signal value, including noise,
that is present when operating on the highest flow-control line in the Restricted
Region. This setpoint is plant-specific.

5.4.2 Restricted Region Entry Alarm

Inadvertent entry into the Restricted Region may result in reactor operating
states that are not in compliance with the stability control limit. Since immediate
confirmation of compliance with the stability control limit is not possible, and
terminal reactor stability conditions are unknown during a transient, continued
operation within the Restricted Region is not consistent with the overall solution
philosophy, even though the analysis of these anticipated events demonstrates that
the reactor remains stable. To address this situation, an automatic Restricted
Region Entry alarm is added to the stability solution as a defense-in-depth feature
(Figure 5-14).
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This automatic alarm prompts mandated manual actions to exit the Restricted
Region. The alarm is generated by the flow-biased control rod withdrawal block
function of the Neutron Monitoring System. Thic function defines the Restricted
Region boundary, and prohibits inadvertent entry by control rod withdrawal as a
licensing feature of the stability solution. The same Neutron Monitoring System
hardware that generates a flow-biased reference for the control rod block function
also generates the Restricted Region Entry alarm whenever the reactor state
crosses the Restricted Region boundary and the setpoints are not setup. Because
the same hardware is used, this defense-in-depth feature provides a highly reliable
automatic indication to the operator that immediate corrective action is required.

5.4.3 PBDS Alarms

The PBDS generates two alarms. The Hi-Hi Decay Ratio alarm annunciates
following an unacceptable loss of stability margin. Since the stability solution is
designed such that all evenis anticipated to result in conditions susceptible to
power oscillations lie within the Exclusion Region, this automatic defense-in-
depth feature is not expected to activate under anticipated operating conditions.
Therefore, annunciation of this alarm implies that the reactor is in an unanticipated
condition, and continued reactor operation is not appropriate. Operator action to
manually scram the reactor without delay upon receipt of this alarm is required.
The Hi Decay Ratio alarm is optional and can be used to annunciate reductions in
stability margin,

5.4.4 Automatic Stability Region Setpoint Setdown

Setdown of the Exclusion Region and Restricted Region setpoints is
performed upon exiting the Restricted Region. This requirement is part of the
licensing methodology of the Enhanced Option I-A stability solution, and provides
the necessary protection from limiting FREs, prior to removing the stability
control.

In order to provide defense-in-depth for this action, an automatic setdown of
the Exclusion and Restricted Region boundaries is provided. Since the majority of
reactor operating time is spent at rated power, this feature is designed to provide
assurance that the stability region boundaries are at their normal setpoints when
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operating in this condition. This function is accomplished with a core flow
referenced trigger that switches the FCTRC setpoint algorithms from the setup

condition to the appropriate normal values. The flow referenced setpoint, Wg/p, is
specified to be:

Wsmp = WA'm + 5% (5-9)

This value provides appropriate margin to the Restricted Region boundary to
prevent inadvertent setdown near the high flow comner, A',,,. However, the value
is sufficiently low to ensure that the stability region boundary setpoints are in the
normal setting during plant power operation.

5.8 Manual Features

Enhanced Option I-A makes extensive use of manual operator action to
provide defense-in-depth protection. Although not acceptable as part of the
solution licensing basis, operational experience has clearly demonstrated the
efficacy of operator action to mitigate reactor transients. To bolster the reliability
of manual actions, most actions are contingent upon receipt of automatic alarms
generated by defense-in-depth features that are continuously and autonomously
monitoring the reactor state. Furthermore, the manual actions are pre-specified
and mandated by plant Technical Specifications. The combination of strict
administrative controls and responses that are keyed to automatic defense-in-depth
features results in a highly reliable backup means of preventing reactor instability.

5.5.1 Restnicted Region Actions
5.5.1.1 Uncontrolled Entry into I tricted Region

The Restricted Region is defined as the area of the licensed operating domain
susceptible to reactor instability in the absence of adherence to stability controls.
Transients that initiate outside of the Restricted Region and terminate within it do
not necessarily conform to these stability controls. In addition, the stability
controls utilized in Enhanced Option 1-A are not designed to maintain control of
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power distributions during transients. In consideration of these limitations,
explicit demonstration that these type of reasonably limiting transients do not
result in reactor instability is incorporated into the validation process of the
licensing stability regions.

Consistent with the solution design philosophy of defense-in-depth and
layered protection, additional protection from this class of events is appropriate.
Enhanced Option I-A provides two additional protective features for transients that
terminate in the Restricted Region.

Any uncontrolled entry into the Restricted Region will automatically
generate a Restricted Region Entry alarm. Based upon receipt of this alarm, an
instruction to immediately initiate action to exit the Restricted Region 1is
administratively specified. Generally, this action will be accomplished through
control rod insertion. The ability of control rod insertion to mitigate increases in
core decay ratio i1s well documented The limiting stability transients that
terminate in the Restricted Region are LOFH events and IFREs. Analysis and
operational experience demonstrate that the core inlet subcooling transient
associated with these events, which reduces stability margin, occurs slowly.
Because the stability transient is slow, and operator action is keyed by an
automatic alarm, this defense-in-depth feature provides a highly reliable means of
maintaining reactor stability.

In addition, the PBDS functions as a tertiary protective layer against the
onset of reactor instability. The PBDS automatically monitors the reactor for loss
of stability m asgin. Since no other means of monitoring the stability effects of the
core power distribution exists during a transient, this defense-in-depth feature must
be functioning for continued reactor operation to be appropriate. Therefore, if the
PBDS is not operating, immediate manual scram is necessary following
uncontrolled entry into the Restricted Region.

Since no anticipated reactor transients that terminate in the Restricted Region
are expected to result in reactor instability, receipt of the PBDS Hi-Hi Decay Ratio
alarm should not occur. A immediate manual scram is required if the alarm does
occur, since possible operation under unanalyzed conditions may be occurring.
This defense-in-depth feature is provided to protect against hypothetical events
that lie outside the licensed design basis of the reactor.
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5.5.1.2 Controlled Entry Into Restricted Region

The licensing methodology of Enhanced Option I-A requires adherence to
the reactor stability control limit, FCBB, during controlled operations within the
Restricted Region. Under these conditions, the reactor is extremely stable due to
the presence of a high core average boiling boundary. The validation analyses
performed as part of the licensing methodology confirm that all reasonably
limiting events initiating within the Restricted Region remain stable due to the
very low decay ratios at the beginning of the transients.

During any such transient, however, adherence to the FCBB limit cannot be
confirmed, and the terminal conditions of the reactor are not known. Consist>nt
with the concept of defense-in-depth, manual operator action to immediately
initiate action to exit the Restricted Region following the initiation of any transient
is required. This action prevents operation in the Restricted Region when reactor
stability margin is indeterminate. Since any flow reduction event that cccurs while
operating in the Restricted Region at a high flow-control line is likely to terminate
in automatic scram due to the proximity of the Exclusion Region, the highest
frequency events expected to result in operator actions in this situation are the
LOFH event and the flow reduction event at low flow-control rod lines. LOFH
events evolve slowly, and sufficient time to conduct corrective manual actions is
expected. Flow reduction events within the Restricted Region are associated with
a small core flow change and very stable initial conditions.

Again, the PBDS functions as a tertiary protective layer against the onset of
reactor instability. The PBDS automatically monitors the reactor for loss of
stability margin. Since no other means of monitoring the stability effects of the
core power distribution exists during a transient, this defense-in-depth feature must
be functioning for continued reactor operations to be appropriate. Therefore, if the
PBDS is not operating during a transient within the Restricted Region, immediate
initiation of action to exit the region 1s necessary.

Since no anticipated reactor transients that initiate in the Restricted Region
are expected to result in reactor instability, receipt of the PBDS Hi-Hi Decay Ratio
alarm should not occur while exiting the region. An immediate manual scram is
required if the alarm does occur, since possible operation under unanalyzed
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conditions may be occurring. This defense-in-depth feature is provided to protect
against hypothetical events that lie outside the licensed design basis of the reactor.

5.5.2 Momitored Region Actions

The Monitored Region extends over the area of the power/flow operating
domain that bounds reactor states where reactor instability is hypothetically
possible under extreme conditions that exceed the licensed design basis of the
reactor. Because the design philosophy of the solution demands that the degree of
protection be commensurate with the probability for reactor instability, the
Monitored Region requires the least amount of protection. Reactor instability
under any anticipated operating conditions is not expected within this region.
Therefore, the only defense-in-depth feature in the Monitored region is the PBDS.
Receipt of any PBDS alarm is sufficient to warrant corrective action because high
core decay ratios are not expected during anticipated reactor operations or
transients within the region. An immediate manual scram is required following
annunciation of the PBDS Hi-Hi Decay Ratio alarm, since possible operation
under unanalyzed conditions may be occurning.

Because the PBDS is the only defense-in-depth feature in the Monitored
Region, it must be functioning in order to operate within the region. In addition,
any transient that terminates within the Monitored Region with the PBDS
inoperable requires action to exit the region because no backup protection is
available.

Entry into the Monitored Region is allowed for a limited duration with the
PBDS inoperable for the purpose of controlled shutdown. Since defense-in-depth
features are not available in the Monitored Region under these conditions,
compliance with the stability control limit, FCBB, is required. Compliance with
the FCBB limit ensures significant stability margin during power decension in the
Monitored Region and obviates unnecessary reactor scrams.
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Table 5-1: Decay Ratio Range Summary

Decay Ratio Range Decay Ratio Values

Low 00<DR<0S5
Intermediate 05<DR <08
High DR20S8

Table 5-2: Alarms Conditions Summary

Operating Alarm Required Decay Ratio
Conditions Response Range
Normal None None 0.0-0.5
Anticipated events Hi Decay Ratio Optional 0.6-0.7
(early warning)
Extreme operating Hi-Hi Decay Ratio Mandatory 208
conditions and (manual scram)

unanticipated events
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Table 5-3: PBDS Alarm Setpoints

Alarm/Operating Conditions

Successive Period
Confirmation Count

Expected off-rated operations 2-3
Hi Decay Ratio alarm 6-8
(Optional)

Hi-Hi Decay Ratio alarm

11

Table 5-4: PBDS Alarm Logic

Alarm Alarm Logic (per channel)

(Mandatory)

Hi-Hi Decay Ratio | Two-out-of-all-LPRMs, Once

(Optional)

Hi Decay Ratio One-out-of-all-LPRMs, Once
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Table 5-5: PBDS Algorithm Generic Parameters

PBDS Parameter Value Basis
tg - Sample Interval 50 Oscillation period resolution and
(milliseconds) flexibility in selecting the period
tolerance € as a multiple of tg
Tmin - Minimum Oscillation 1.2 Lower bound of observed,
Period (seconds) expected oscillation period
Tmax - Maximum Oscillation 4.0 Upper bound of observed,
Pertod (seconds) expected oscillation period
P. - Filter Order for 2 Algorithm testing
Conditioning Filter

Table 5-6: PBDS Algorithm Plant-Specific Parameters

PBDS Parameter Target Value Expected Calibration
Range
¢ - Period Tolerance 150 50 to 300
(milliseconds)
fc - Comner Frequency for 2.0 1.0-3.0
Conditioning Filter (Hz)
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Figure 5-2: Moniiored Region Boundary Generation Stability Criterion
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Figure 5-4: Conditioning Filter - Limit Cycle Data
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Figure 5-13: Unanticipated Combinations of Events Terminated By Flow-Biased Scram Clamp (Example)
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6. DESIGN CONFIGURATION

This section discusses the Enhanced Option I-A design configuration as it
relates to the solution analytical methodology. The specific hardware design
specifications and details are not discussed in this report. Rather, the purpose of
this section is to describe how the analytical models and solution methodology
features are translated into engineered features of the BWR Neutron Monitoring

System.
6.1 Flow Control Trip Reference
6.1.1 System Design Description

The flow control trip reference card (FCTRC) that exists in BWR neutron
monitoring systems (NMS) generates a core flow-biased neutron flux trip setpoint
based on a reference reactor recirculation drive flow signal that is representative of
core flow. This signal is passed onward to a signal comparator circuit that has
access to the average core power (APRM) signal. When the APRM signal reaches
the trip reference signal, a reactor scram is initiated by the Reactor Protection
System (RPS). his trip function is hexal or octal redundant within the NMS, and
1s split into two divisions of three or four channels each. The reactor trip logic
requires that at least one channel in each division generate a trip signal to cause a
scram. This results in a configuration that can be expressed as one-out-of-three (or
four), taken twice. This RPS trip logic remains unchanged by the Enhanced
Option I-A stability solution.

The flow-biased scram function prior to the implementation of Enhanced
Option I-A consists of a linear function of the form:

PREF=AW+B (6-1)
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where:

Pppp = trip reference power

W = fraction of rated recirculation drive flow
A = flow-biased scram setpoint slope in core power/flow space
B = flow-biased scram setpoint power axis intercept

The flow-biased neutron flux scram function is not explicitly considered in
the plant safety analyses since no AOOs that are analyzed to demonstrate
protection of the MCPR safety limit take credit for this feature. Instead, the
analyses rely on the high flux trip (120% reactor power) of the NMS to generate a
reactor scram. However, the operating domain where all AOOs are initiated is
bounded by the flow-biased neutron flux scram function. Therefore, this feature
automatically preserves the licensed operating domain.

The Enhanced Option I-A stability solution reconfigures the existing FCTRC
design to perform a new safety-related function of enforcing the licensing
methodology stability region boundaries. The Exclusion Region boundary is
delineated by the core flow-biased neutron flux scram function of the NMS, and
the Restricted Region boundary is delineated by the core flow-biased rod block
function of the NMS. Both of these new trip reference functions have an
associated setpoint setup feature, The introduction of these functions, including
the defense-in-depth feature of the flow-biased scram clamp, which limits the
power axis intercept of the linear flow-biased trip reference over the Restricted
Region, increases the complexity of the FCTRC. For this reason, the existing
analog FCTRC is replaced with a digital device where the necessary flow-biased
trip reference setpoints are located within a microprocessor.

For each possible operating mode, the new FCTRC uses a set of two digital
maps to generate the scram and control rod block setpoints as a function of
recirculation drive flow. There are four sets of maps, each of which is associated
with one of the following operating modes:

1. Two recirculation loop operation under normal region boundary setpoint
conditions.

2. Two recirculation loop operation under region boundary setpoint setup
conditions.

6-2
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3. Single recirculation loop operation under normal region boundary
setpoint conditions.

4. Single recirculation loop operation under region boundary setpoint setup
conditions.

Figures 6-1 through 6-8 represent the functional form of each setpoint map.
Actual plant-specific setpoint maps will be generated as part of the stability
solution initial application process. The setpoint maps illustrated in these figures
consist of three or four functional zones based on the number of algorithms
required to describe the setpoints. Each zone has a unique setpoint algorithm that
reflects the analytical basis for that zone's setpoint. The setpoint algorithms for
each functional zone is shown in Tables 6-2 through 6-5. Table 6-1 defines the
nomenclature for these setpoint algorithms,

The first zone contains the stability region boundary, corresponding to the
Exclusion Region or Restricted Region depending on whether the map generates
the scram setpoints or the rod block setpoints, anc is described by a power
function of the form:

2'!
(]
. 2| .- -F,
P,fj:?z(-l;‘-) o (6-2)
z

where the notation is described in Table 6-1. F = f{iW) is a plant-specific
relationship that provides a lower bound of the actual core flow (F) as a function
of recirculation drive flow (W). An example of the relationship between core flow
and drive flow is shown in Appendix G, Figure G-1. The function, f{W), is
selected to bound expected changes in core flow, for a given drive flow, to avoid
setpoint changes in futare cycles. The function is selected below the actual core
flow value for a given drive flow to ensure that actual flow conditions are greater
than the derived core flow.

The second zone describes the core flow-biased scram clamp above the
Restricted Region. This function is linear, with a power axis intercept value that is
set 5% of rated power, plus any signal noise, above the power axis intercept of the
highest actual flow-control line in the Restricted Region. The highest flow-control
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line passes through the rated core power/minimum core flow state point in the
licensed operating domain. Zone two also describes the portion of the flow-biased
control rod block setup setpoints that lie along the highest licensed flow-control

line in the operating domain. The zone two setpoint algorithm is described by a
function of the form:

PEd = mw +1¢79 (6-3)

where P, ¢, d, x, e, m, W, and | are defined in Table 6-1.

The third zone describes the remainder of the linear flow-biased scram or
control rod block setpoint as it currently exists in each plant-specific application.
This section maintains the functional form of Equation 6-1 and is provided by
Equation 6-3.

The fourth zone describes the neutron flux setpoint clamp for both the sci m
and rod block functions and has the form:

o 8- (6-4)

where P, ¢, d, x, e, and | are defined in Table 6-1. Some reactor designs do not
have a rod block clamp in zone 4. In this case, the setpoint algorithm fo- zone 3 1s
extended to W,,,, the maximum flow, and there is no zone 4 for the control rod
block trip reference.

The Enhanced Option I-A FCTRC is designed to replace the existing FCTRC
and is dimensionally, environmentally, and electronically compatible with existing
hardware configurations. In addition, all of the Enhanced Option I-A flow-biase 1
trip setpoints will be the same or more conservative than the existing setpoints, and
therefore, the Enhanced Option I-A FCTRCs are acceptable substitutes for the
existing FCTRCs that perform all functions currently required. This design feature
permits direct substitution of either the new or existing FCTRC in the NMS during
testing, without adversely affecting operability of any APRM channel.
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6.1.2 Core Drive Flow Parameter Acquisition

The FCTRC designed to implement the Enhanced Option I-A stability
solution will perform a safety related function, and will be designed and installed
as a Class 1E system. However, because this solution will be installed as a backfit
to existing plant NMS systems, the new FCTRC must accommodate and account
for existing plant interfaces. The most critical interface with existing plants is the
recirculation drive flow measurement signal. Existing FCTRCs utilize the reactor
recirculation drive flow signal which is not generally Class 1E. The Enhanced
Option I-A FCTRC also makes use of this system. Although operational
expenience demonstrates that the existing signal is highly reliable, the new FCTRC
contains features designed to further improve the rehability and quality of the

signal.

The recirculation drive flow signal is passed through a conditioning filter.
This conditioning filter is used to filter frequency components in the input signal
that do not represent true global variations in total core flow. The conditioned
mput drive flow signal results in a more stable trip reference signal for the
FCTRC. Ultimately, this is expected to assure better defined region boundaries
that reduce unnecessary challenges to reactor safety systems caused by a spurious
scrams from signal noise.

6.1.3 Core Drive Flow Parameter Validation

The FCTRC also performs real time reactor recirculation drive flow signal
validation. The purpose of the validation process is to provide adequate assurance
that any credible failures in the drive flow signal will be detected and result in a
conservative response from the FCTRC. The drive flow signal will be tested for
upscale and downscale failures, as well as the fail-as-is condition. Any detected
failure of the drive flow signal will cause the FCTRC to generate a failsafe output.
This output will cause a reactor scram signal to be generated by the corresponding

NMS channel.
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6.1.4 Flow-Biased Trip Setpoint Setup Function

Certain reactor maneuvers, such as plant startup, may require entry into the
Restricted Region. The Enhanced Option I-A solution methodology permits entry
into the Restricted Region when adhering to the stability control. During normal
operations, deliberate entry into the Restricted Region is prohibited by the control
rod withdraw block function of the FCTRC.

When entry into the Restricted Region is required, the control rod block
function is setup to a new setpoint. This manual action, which is permitted after
conforming to the FCBB stability limit, is performed by depressing a setup switch
located on the new FCTRC. The setup switch changes the control rod block
setpoints, as depicted in Figures 6-4 and 6-8. In addition, the lower boundary of
the Exclusion Region is setup as shown in Figures 6-3 and 6-7. The setup
condition exists until the setpoints are manually setdown, as will be required by
Technical Specifications, when the Restricted Region is exited. After the
Restricted Region is exited during power ascension, the region boundary setpoints

are also automatically setdown when core flow exceeds the value of (W' +5%),

as shown in Figure 6-9. Under setup conditions, the control rod block function of
the NMS provides the same protection against inadvertent penetration of the setup

region boundary as it does for the normal Restricted Region boundary during
normal operation.

6.1.5 Single-Loop Operation

The FCTRC is designed to respond to changes in the operating mode of the
reactor recirculation system. Depending on whether the reactor is operating with
two or one recirculation loop in service, different core flow-biased neutron flux
scram and control rod block setpoints must be in place to comply with Technical
Specifications. Currently, these differences in setpoints are accommodated simply
by altering the power axis intercept (B) of the linear equations that represent the
setpoints. Where the existing flow-biased setpoints are not replaced by the
methodology of Enhanced Option I-A, this operation is mainta.ned. Figures 6-5

through 6-8 illustrate example setpoint maps for reactor operations in single-loop
operation (SLO).
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When shifting from one recirculation operating mode to another, a switch
located on the new FCTRC is depressed. This manual action adjusts the FCTRC
to the proper setpoint maps. Appendix G discusses the validity of the recirculation

drive flow signal as a measure of total core flow under SLO operating conditions

6.1.6 Plant-Specific Application

'he generic function and operation of the FCTRC is identical for all plant
applications of the Enhanced Option I-A stability solution. However, the exact
FCTRC setpoints will reflect plant-specific analysis performed to generate the
stability region boundaries. The number of FCTRCs installed for each plant-
specific application of the Enhanced Option I-A stability solution corresponds to

the number of APRM channels that exist in the plant
6.2 Period-Based Detection System

I'he Period-Based Detection System (PBDS) is a defense-in-depth feature
designed to provide protection against unanticipated and hypothetical scenarios
through early detection of significant reductions in core stability margin. The
PBDS utilizes the Period-Based Algorithm described in References 1 and 2. It
analyzes pre-selected individual LPRMs in real time, and generates a control room
alarm after detection of sufficient svrcessive period confirmations, The PBDS
hardware consists of two oscillation detection channels and the associated inputs

and outputs

Ihe PBDS setpoints are designed to respond to actual losses in reactor
stability margin. The general PBDS design is common to all plants. Design
variations to accommodate plant-specific input and output configurations and
unique LPRM noise characteristics do not alter the fundamental architecture of the

system

6.2.1 Penod-Based Algonithm

I'he PBDS utilizes the Period-Based Algorithm (PBA) documented in

References 1 and 2, but only includes the successive power oscillation period
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confirmation count portion of the PBA and not the amplitude setpoint The
amplitude portion of the PBA is useful for discnminating growing power
oscillations that occur when the reactor is unstable. Because Enhanced Option I-A
is a preventive stability solution, any reactor instability 1s to be avoided and
therefore, the amplitude portion of the PBA is not applicable LPRM signal
averaging, which is used as a reference for the amplitude setpoint component of
the PBA in Reference 2, is not needed and, accordingly, is also not included in the
PBDS design. A brief summary of the application of the PBA for the PBDS

follows

6.2.1.1 Algorithm Description

The PBA examines individual LPRM signals to determine the elapsed time
between successive maxima and successive minima. For an oscillatory signal,
these intervals represent an estimate of the oscillation period. The algorithm
discriminates periods that are within the range expected for power oscillations
induced by reactor instability. The first period that is identified within the
expected range is defined as the base period. A subsequent oscillation with a
period that is determined to match the base period within a predetermined
tolerance constitutes a period confirmation. The base period is updated by a
running average of the initial period and all successive confirmed periods. If the
period of the current oscillation under consideration does not match the base
period within the specified tolerance, the confirmation count is set to zero and the

current period is tested to determine if it should be considered a new base period.

The performance of the PBA is determined by the various parameters that are
used in conditioning and analyzing the LPRM signals. A complete list of these
parameters, including a discussion of their effect on the PBA performance,

follows
1. Sample Interval (tg)

The oscillation detection system relies on analog-to-digital (A/D)
converters to convert the continuous input voltage signal from the LPRMs
into discrete digital values. The rate at which the LPRM signals are
sampled is important in determining the ability of the algorithm to
recognize instabilities. Sufficient resolution is needed to determine the
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magnitude and temporal location of the peaks and minima of the oscillation
input signal. For the range of expected oscillation periods, typical values of
the sample interval should be in the range of 50 to 100 milliseconds,
providing a minimum of roughly 15 to 30 data points per oscillation in the
expected period range.

2. Minimum Oscillation Period (Tmin)

Each period is tested against the expected range of oscillation periods
associated with core thermal-hydraulic instability. If the period is outside
the expected range a base period will not be established. The frequency
range is expected to be bounded between 0.25 and 0.8 Hz, which results in
osciliation periods of 4.0 to 1.2 seconds. Typical values for Tmin (the
minimum oscillation period) are in the range of 1.0 to 1.4 seconds.

3. Maximum Oscillation Period (Tmax)

The upper range of expected oscillation period is defined as Tmax.
Typical values for Tmax are in the range of 3.3 to 4.0 seconds.

4. Conditioning Filter Order (P)

The conditioning filter is used to filter frequency components in the
input signal that are higher than the desired frequency range and which
could interfere with the algorithm's ability to determine if an instability is
occurring. The order or number of poles used in the conditioning filter
determines how rapidly the gain falls off beyond the corner frequency and,
when combined with the comer frequency, can control the desired filtering
effect. Testing has demonstrated .aat a two-pole filter is sufficient for the
objective of the rilter.

5. Conditioning Filter Corner Frequency (f)

On the basis of the known frequency range of interest, conditioning
filters are typically selected with a corner frequency in the range of 1.0 to
3.0 Hz,
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6. Peniod Tolerance (e)

The period tolerance (e) is used to determine if two successive
periods are sufficiently close to be considered an indication of an
instability. It is known from measured plant data that as the reactor
becomes unstable, the difference between successive periods decreases, in
the limit (i.e., limit cycle oscillations), each successive period has the same
value within the resolution of the sampling interval Large values of ¢ will
result in confirmations even when successive periods show rather large
variations. Small velues of ¢ only yield large numbers of successive

confirmations when distinct power oscillations have developed

As a minimum, the period tolerance cannot be set less than the sample

interval (the minimum period resolutior. possible) unless interpolation 1s

l used to better resolve actual maxima and minima. Analysis of actual plant
data has shown that a period tolerance of approximately 5% of the

oscillation period provides a reasonable screen against inappropriate

confirmations, while providing early detection of approaching reactor

instability. Typical values of the period tolerance are in the range of 50 to

300 milliseconds

Hi-Hi Decay Ratio alarm setpoint (N, )

For each successive period that is within te of the current base
period, a confirmation occurs. The period confirmation count, N, increases
only when successive periods result in confirmations. Whenever any
period does not satisfy the period tolerance criterion, the confirmation count
is reset to zero. The Hi-Hi Decay Ratio alarm setpoint (N, ) is defined as
the number of successive period confirmations that must occur before a
manual scram without delay is required. The Hi-Hi Decay Ratio alarm

setpoint is expected to be in the range of 10 to 15 successive counts
8. Hi Decay Ratio alarm setpoint (N, )

The Hi Decay Ratio alarm setpoint (N,,) is optional. It is defined as
the number of successive period confirmations that must occur before an
alarm indicating a moderate increase in decay ratio is initiated. Testing

shows that during stable operation at low decay ratios, the number of
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successive period confirmations rarely exceeds five. The Hi Decay Ratio
alarm setpoint i3 expected in the range of 6 to 8 successive period
confirmations.

6.2.1.2 Algorithm Testing

A significant amount of testing has been performed using recorded plant data
to demonstrate the effectiveness of the PBA and determine the possible range of
the algorithm parameters. The testing results are summarized in Reference 2 and
are fully applicable to the PBDS. The recorded plant data was chosen to represent
a wide range of plant types, operating conditicns, expected neutron flux transients
and actual reactor instabilities.

The testing with available plant data demonstrated that the PBA performs as
expected. For steady-state and transient data examined, the algorithm readily
discriminated between the normally occurring neutron flux variations and core
power oscillations induced by reactor instability. Considerable flexibility in the
choice of algorithm parameter values was found to be available to ensure that the
algorithm will provide a similar response when used at various BWRs. For the
reactor instability events evaluated, the PBA was demonstrated to have the ability
to detect instability induced power oscillations even at very low oscillation
magnitudes.

6.2.2 System Design Description

The PBDS hardware configuration consists of two redundant cards that can
be installed in existing spare LPRM card slots of the NMS. The input LPRM
signals to the PBDS card can be taken from any non-safety related LPRM output
signal. The cards provide output signals to support control room alarm indications
and operability testing and verification capability.

6.2.2.1 PBDS Card

Although the PBDS is a defense-in-depth system and is not required as part
of the licensing basis of Enhanced Option I-A, it is designed to meet Class 1E
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Standards (Class 1E associated). A brief summary of the card's primary features
follows:

1. The PBDS card receives input from up to 18 individual LPRM signals.

2. The card utilizes the period-based algorithm. The card performs
continuous, real time analysis of each individual LPRM signal.

3. The card contains a self test feature to verify that the period-bascd
algorithm is functioning as designed and to validate LPRM signals.

4 The card contains an alarm reset switch.

5. The card provides a Hi Decay Ratio alarm output signal that is actuated
when the PBA period count exceeds the Hi Decay Ratio alarm setpoint.

6. The card provides a Hi-Hi Decay Ratio alarm output signal that is
actuated when the PBA period count exceeds the Hi-Hi Decay Ratio
alarm setpoint.

7. The card provides an INOP output signal that is actuated if the card is not
operable.

8. The card provides two analog outputs of the period count. These analog
outputs may be used for independent control room indication, data
collection, or computer interface.

9. The card contains a status reset switch.

10. The card contains four LEDs to display the number of valid LPRM
inputs.

11. The card contains dip switches that provide a selection of period
tolerance and comer frequency.

The PBDS is based on six PBA parameters used in the interrogation of the
LPRM signals and two alarm setpoints. Four of the PBA parameters are generic
and their value is fixed. These parameters are:
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Sample interval (seconds),

—
—
w
L]

2. Tmin - Minimum oscilletion period (seconds),
3. Tmax - Maximum oscillation period (seconds), and
4. P - Order of conditioning filter (number of poles).

The two remaining PBA parameters are tuned subsequent to plant installation
of the PBDS card. Therefore, the card design allows post-installation adjustment
capability of these parameters to accommodate plant-specific performance. The
adjustable parameters are:

| - Coumer irequency for conditioning filter (Hz)
2. € - Period tolerance (seconds)

6.2.2.2 PBDS Input

The input to the PBDS cards are individual LPRM signals. All LPRM
signals fed to a PBDS card are from the same groups of LPRMs. The cards are
designed to receive up to 18 LPRM sigu.als. These signals are taken from LPRM

levels A, B, and C.

The D-level LPRM signals are not used, since their noise signature is less
compatible with the PBA requirements. D-level LPRM signals are expected to
exhibit higher noise levels as a result of the higher void fraction at the top of the
core and potential bypass voiding at off-rated operating conditions. In addition,
because of the longer neutron mean free path at higher elevations in the core, the
D-level LPRM signals are more likely to exhibit a more complex oscillation

signature.

To provide adequate redundancy for the Hi-Hi Decay Ratio alarm and
adequate monitoring of the core during the approach to reactor instability, the
PBDS requires at least 8 LPRM input signals for each channel. When less than 8
LPRMs are available, the PBDS channel is considered inoperable.
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6.2.2.3 PBDS Output

PBDS card outputs consist of a Hi-Hi Decay Ratio alarm signal, an INOP
indication, a Hi Decay Ratio alarm, and two analog outputs of the successive
period count. The Hi-Hi Decay Ratio alarm is a required control room alarm. It is
used to alert the operator that a manual scram without delay is required. The Hi
Decay Ratio alarm control room display is optional and can be used to provide an

early indication of a decrease in core stability margin based on plant-specific
objectives.

The two analog outputs may be used to validate the Hi-Hi and Hi Decay
Ratio alarm indications. The analog output can provide an indication of the period
count trend, which is particularly useful in a slow approach to reactor instability.
The analog output can also be used for data collection and on-line and off-line
evaluation of PBA performance. This feature is especially useful for system
calibration to achieve the target period count during startup conditions. Actual use

of the analog outputs is not specified as part of the Enhanced Option I-A stability
solution.

The INOP indication is used to establish the operational status of the PBDS
card. A minimum of one card is required to be operable during operations inside
the stability regions. INOP indication for both cards during operations inside the
stability regions requires immediate actions as described in Section 3.

6.2.2.4 PBDS Alarm Logic

The Hi-Hi Decay Ratio alarm logic is based, for each PBDS card, on a two-
out-of-all-LPRMs logic. If an analog output is observable from the reactor
controls in the control room and is operable, verification of the alarm against the
PBDS card analog output may be performed without delay prior to the manual
scram. Upon receipt of the Hi-Hi Decay Ratio alarm, and confirmation if an
analog output is available, the reactor is manually scrammed without delay. The
Hi Decay Ratio alarm logic for each PBDS card is based on a one-out-of-all-
LPRMs logic. A summary of the PBDS alarm logic is provided in Table 6-8.
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6.2.3 Plant-Specific PBDS Application

[he implementation of the PBDS for a specific plant requires an appropnate
determination of the PBA parameters' values to ensure the adequacy of the PBDS
alarm setpoints. The PBA parameters are divided into a set of generic parameters
and a set of plant-specific parameters. The generic parameters are common to all
plants and are determined based on the BWR thermal-hydraulic instability
phenomenon and PBA performance requirements. The plant-specific parameters
are determined based on the specific plant neutron noise characteristics to ensure
that the PBDS is appropriately calibrated at normal off-rated operating conditions
'he values of the generic PBDS parameters that are common to all plants are

summarized in Table 6-6

I'he target values and calibration ranges for the period tolerance and the filter
comer frequency parameters are summarized in Table 6-7. The PBDS card
hardware design allows on-line adjustments of these parameters. For each plant
appropriate PBDS performance is established during expected normal off-rated
conditions (with the core decay ratio in the low range) by adjusting these
parameters to achieve a maximum successive period confirmation count between 2
and 3. The expected successive period confirmation count for different reactor

operating conditions is illustrated in Figure 6-10
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Core Flow-Biased Trip Reference Algorithm Nomenclature

Zone Algorithm Drive Flow
1| F~-F, [ F-I
] ) \»
_ pe-d _ p | P, 2 F.-F, | F-F,
X>€ Zl p | ¢
P, ) W,
F = (W)
)3 4 ye~d 8
Pie =mW+1 ¢
Zone |Symbol| Value Meaning
1,2,3.4 X S Flow-Biased Scram Trip Reference
1,2,3 X R Flow-Biased Rod Block Trip Reference
¢ Z] Zone |
G 22 Zone 2
! NPy~ i
¢ Z3 Zone 3
- i
4 24 Zone 4
1,2,3,4 d N1 Normal Setpoint
1,2,3,4 d SU Setup Setpoint
1,2,3,4 € 1 Single-Loop Operation
| 1,234 € 21 Two-Loop Operation
1,2 { 40% 40% Core Flow Clamp
Intercept of Nominal Restricted Region Shape
. ! Sl Function with Single-Loop Operating Domain
Highest Flow-Control Line
Ao bevs comin et
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Table 6-1: Core Flow-Biased Trip Reference Algorithm Nomenclature (con't)

Zone |Symbhol| Value Meaning
Intercept of Nominal Restricted Region Shape
1,2 ’ 52 Function with Two-Loop Operating Domain
Highest Flow-Control Line
Intercept of Nominal Restricted Region Shape
1,2 ! R] Function with Existing Single-Loop Flow-Biased
Rod Block
Intercept of Nominal Restricted Region Shape
f R2 Function with Existing Two-Loop Flow-Biased
Rod Block
3,4 { Cl High Power Clamp Minimum Flow
3.4 f fax Maximum Flow
‘ . A Intercept of FABLE Procedure Exclusion Region
‘ : Boundary and High Flow-Control Line
. " A Intercept of FABLE Procedure Restricted Region
Boundary and High Flow-Control Line
l . B Intercept of FABLE Procedure Exclusion Region
Boundary and Natural Circulation
i ) B’ Intercept of FABLE Procedure Restricted Region
Boundary and Natural Circulation
3 m m Flow-Biased Trip Linear Setpoint Slope
) 3 4 I , Flow-Biased Trip Linear Setpoint Power Axis
‘ Intercept
23,4 W W Recirculation Drive Flow (% of Rated)
i F F(W) Derived Core Flow (% of Rated)
1,2,3,4 P P Core Power (% of Rated)




Table 6-2: Two-Loop Operation, Normal Flow-Biased Trip Reference Summary

819

Flow-Biased Scram Flow-Biased Rod Block
Setpoint Algorithm Flow Range Setpoint Algorithm Flow Range
f ¢ 2 : 2
[ (Fh) ] r[m-{.a-&)
] - \R-K J1-NL PA Fo-Fp \Fa—Te/
=P, - 2L oL =P ( ) 7 2L
B(!L 0<W < Wi, Pe 0<W<Wa5 Z
L¥8)
F = W) F=flW) o
PN w5 | Wik, <WsWE NA N/A
PN = mW 15T Wik <WsW& PRSI = mW + IR Wk <WsWE
PN - 1T WAL < W < Wi, pZ4NL = IZ50 WEE < W < Wita,
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Table 6-3: Two-Loop Operation, Setup Flow-Biased Trip Reference Summary

Zone

Flow-Biased Scram

Flow-Biased Rod Bleck !

Algerithm

Flow Range

Setpoint Algorithm

Flow Range

1 Z) a o nll-N Z1-Ni
P; 2 =L XTrg 2 P!: 1
- .
i - v
- PZ.’-,\{. o P.ZZ-“{
s-2L = IS
— —d
3 Z3-SU _ pZ3-NL
Psar =P

w2l r « el
Wik <W<Wa

0<W<Wie

Wk <W<s Wi

'
5
i

V\',:i*' <W < \\f}a'_\

2

s

Y ;”l‘\y Z '*-1
PRl = Psan
PR Z2-S
ph T“\ly iR ¥1
pZ3-SU _ pZ3 N1
R-21 ‘ 2L
pZ4-SU _ pZ4-NL
PR2L = FR-21
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Table 6-4: Single-Loop Operation, Normal Flow-Biased Trip Reference Summary

F¥low-Biased Scram Flow-Biased Rod Block
Setpoint Algorithm Flow Range Setpoint Algorithm Flow Range
- -NL ' ZI-NL _ pZI-NL 1L
P =PI 0.< W < Wiga, Pran = PraL 0 W<Wgi
PEMN = mW + 12" | Wigs, <W <Wgp N/A N/A
PN _ w1 Z5N | wik cw Wik, | PR = mw IR | WRE <W s Wi,
N/A N/A N/A N/A
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Table 6-5: Single-Loop Operation, Setup Flow-Biased Trip Reference Summary

Flow-Biased Scram Flow-":ased Rod Block
Zone Setpoint Algorithm Flow Range Setpo:zt Algorithm Flow Range
1 1- Z1- il Z1-SU _ pZI-NL 1
P& = PSS 0<W < Wype, PRir = PN 0<W < Wy,
. PELY =BET | Witw <WSWgp | PRAT =mW+IREEY | Wi, <W < Wej
3 . X - 3- 1L iL
PEEY =PE | Wa <WsWag, | PR =PROLT | Wei <WS Wi
1 N/A N/A N/A N/A
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Table 6-6: PBDS Algorithm Generic Parameters

PBDS Parameter Value

tg - Sample Interval 50
(milliseconds)

Tmin - Minimum Oscillation 1.2
Period (seconds)

Tmax - Maximum Oscillation 40
Period (seconds)

P. - Filter Order for 2
Conditioning Filter

Table 6-7: PBDS Algorithm Plant-Specific Parameters

PBDS Parameter Target Value Expected Calibration
Range
£ - Period Tolerance 150 50 to 300
(milliseconds)
fc - Corner Frequency for 20 1.0-3.0
Conditioning Filter (Hz)

Table 6-8: PBDS Alar !.ogic

Alarm Alarm Logic (per channel)

Hi-Hi Decay Ratio (Mandatory) | Two-out-of-all-LPRMs, Once

Hi Decay Ratio (Optional) One-out-of-all-LPRMs, Once
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Figure 6-5: Single-Loep Operation, Normal Flow-Biased Neutren Flux Scram Setpoints

i
i
i
{
. |
120 - ;
|
Core 5
Po(?wer 08 < @
| 7o)
R0 -~
Z?
x 60 E
%) 5
-
} 40 - >
20 <
0 T g |
0 20 40 0 %0 160 120
Core Flow (%)




NEDO-32339

(%) mopq 340D

071 001 08 09 or (174 (i

g e L
- 07
- OF
- 29

~ 08 “

)

o CR)

mog |

210D |

|

L 01

siuiod)ag Wooig POy [04Iu0)) Xn|§ HONNIN PISBIF-Mo]] [Bwoy ‘uonsidQ dooj-2jduig :9-9 a3 g

6-28



NEDO-32339

74}

e s— i e e ——————————————— e —————————————————————————

(%) Mo 310D
001 08 09 or oz 0

(%)
damog
310)

. 01 m

— ———— — — - — — — — !

sHurodidg WeIdG XN|§ UHNIN PIsEIg-Mo| A dnjag ‘uenriadQ dooj2iduig :/-¢ 2and: 4

9



(%)
- ._o.tc“—
3107)

sjmodiag yooig Poy je4Iue)) xnjf uonnay pIseig-mopg daeg ‘uonssad(y dooj-2jdui§ :g-9 3indiy

6-30



[£-9

Figure 6-9: Region Boundary Setpoints Automatic Setdown Trigger Setpoint
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Figure 6-10: PBDS Alarm Setpoints
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7. INITIAL APPLICATION PROCESS

The initial application process of Enhanced Option I-A encompasses the
generation of new stability region boundaries, the analysis to validate the region
boundanes, and specification of performance requirements for stability codes
atilized in the process. The initial application process is generic and is used for all
plant applications. Application of this process to a specific plant generates unique

stability regions that will be documented in a plant-specific licensing submuttal

7.1 Process Overview

The solution initial application process is designed to ensure that the
Enhanced Option I-A methodology can be implemented in any domestic BWR
using qualified stability analytical tools. Baseline decay ratio calculations are
performed with the FABLE/BYPSS stability code, consistent with the
methodology documented in References 1 and 2. These calculations form the
framework for the generation of the stability region boundaries. A qualified best-
estimate stability code is then used to establish plant-specific stability region
boundaries based on adjustments to the FABLE analysis. The same best-estimate
code is also used to validate the region boundaries at reasonably-limiting steady-

state and transient conditions

i.1 Process Objectives

I'he initial application process is designed to meet these primary objectives

|. Enhanced Option I-A can be implemented in all domestic BWR designs, by
any BWR fuel vendor, and for all fuel cycle designs. The process should
allow fuel vendors or utilities to use their own qualified best-estimate

stability codes

2. The process should be generic, prescriptive, and simple in order to reduce the

probability for errors and ensure adherence to approved analysis procedures
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3. The process should consider reasonably-limiting steady-state and transient
conditions to establish an appropriate degree of conservatism.

4. The process of defining the stability region boundaries should be sufficiently
flexible to accommodate future changes in core reload design. This
minimizes the potential i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>