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Important Notice Regarding the Contents of this Report
PLEASE READ CAREFULLY
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
nothing 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,
neither GE nor any of the contributors to this document makes any representation or warranty,
expressed or implied, or assumes any liability as to the accuracy, completeness, or usefulness of
the information contained in this document; or that the use of such information may not infringe
privately owned rights; nor do they assume any responsibility for liability or damage of any kind
which may result from the use of any of the information contained in this document.
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Abstract
This report provides a framework for how TRACG, the General Electric (GE) proprietary
version of the Transient Reactor Analysis Code (TRAC), and IBWR fuel vendor-specific fuel
channel and fuel rod thermal-hydraulic and thermal-mechanical codes can be applied to perform
transient analysis of the BWROG stability limit for boiling water reactors. The objective of the
BWROG stability limit development program is to demonstrate that a particular magnitude and
duration of power oscillations is acceptable and will result in no predicted fuel rod failure and a
negligible change in fuel rod properties from those assumed in design and licensing analyses.
The framework outlines a plan for using realistic calculations together with statistical
quantification of uncertainties to support development of a stability licensing limit that assures
that this objective is met even for events that may involve cycles of boiling transition and
rewetting for some fuel rods. Currently it is anticipated that the licensing limit will specify the
maximum fuel rod temperature during an oscillation but this is subject to change as the program
progresses.
By coupling the realistic transient analyses for the system responses from TRACG with realistic
BWR fuel vendor-specific fuel channel thermal-hydraulic and fuel rod thermal-mechanical
codes, a realistic assessment of the operating margins during simulated stability events can be
established. This allows the operating margins to be calculated relative to a transient licensing
limit for stability events that relates more closely to the specified acceptable fuel design limits.
Presently, the transient minimum critical power ratios (MCPRs) for stability events that occur
typically at reduced powers and flows must always remain above the safety limit MCPR that was
determined at rated power and flow. The new approach outlined here provides for: an increased
understanding of the transient fuel rod performance during a stability event, quantification of the
key uncertainties, and finally the establishment of a stability licensing limit that is more closely
related to the transient stability phenomena.
This document outlines the BWROG plan and schedule for submitting documents for the NRC to
review and approve. An important objective of this applicationframework document is to
explain how the different elements that will be included in the review fit together and how these
elements will be documented. The NRC has already reviewed many of these same elements.
The intention of the BWROG in supplying this working document is to precisely define the
scope in a way that will allow the review resources to be scheduled, facilitate the review, and
utilize the efforts that have already been expended.

V
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1.0 INTRODUCTION

1.1 Overview
This report provides a framework for using the GE system thermal-hydraulic code TRACG
and fuel vendor-specific fuel channel thermal-hydraulic and fuel rod thermal-mechanical
codes in the licensing application of the BWROG stability limit analysis for boiling water
reactors (BWiRs).

1.2 Purpose
The licensing application of a code is distinct from other applications in that it specifically
requires the following two elements:
"* Identification and interpretation of the applicable regulatory requirements.
"• Demonstration that the features and the use of the code satisfy those regulatory
requirements.
The purpose of this document is to establish a framework to assure that the required elements
for licensing application of system analysis (TRACG) and vendor-specific fuel channel and
fuel rod thermal-hydraulic and thermal-mechanical analyses of instability transients that go
into and out of boiling transition will be satisfied. The approach outlined in this document
describes how uncertainties will be quantified and applied to realistic nominal results in order
to define a licensing limit for stability such that specified acceptable fuel design limits
(SAFDLs) are not exceeded and there are only negligible changes in fuel rod properties from
those assumed in design and licensing analyses.

1.3 Scope
1.3.1

Application Scope

The BWROG proposes that TRACG and fuel vendor-specific fuel channel thermal-hydraulic
and fuel rod thermal-mechanical codes be approved for use in licensing applications related
to determination of Operating Power Range Monitor (OPRM) setpoints for BWR/2-6 plants
for events that may involve cycles of boiling transition and rewetting. For BWRs that
currently employ the Option III stability criteria, this program will provide the technical
bases for selecting the setpoint for the OPRM system. For those plants that employ Option
IA, it is anticipated that the relationship between decay ratio and power oscillation amplitude
can be established to provide a technical bases for determining the exclusion zone of the
power/flow map.
TRACG will be used to analyze the BWIR system response and determine the boundary
conditions for the vendor-specific fuel channel and fuel rod thermal-hydraulic and thermal
mechanical codes, which will be used to analyze the fuel performance.
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The scope includes GE BWR types 2 through 6. GE ABWRs and ESBWRs could be
analyzed using similar techniques, but the BWROG is not requesting review and approval of
application to ABWRs and ESBWRs at this time.

1.3.2

Documentation Scope

One important objective of this applicationframework document is to explain how the
different elements that will be included in the review fit together. The term Application LTR
is used in this document to refer specifically to the licensing topical report (LTR) entitled
Application LTRfor BWROG Stability Limit Analysis, which the BWROG plans to submit to
the NRC for their review and approval.
The BWROG is requesting that the Safety Evaluation Report that the NRC will prepare be
focused on the Application LTR. The BWROG is suggesting that supportive information
contained in the Qualification LTRs and Model Description LTRs and other vendor
proprietarydocuments that the NRC staff may wish to view be included by reference. The
BWROG plans to construct the Application LTR so that it alone is sufficient to demonstrate
how the Requirements and Guidelines that the NRC has established are satisfied for the
particular application. The following sections describe, in increasing level of detail, how this
will be accomplished.

1.3.2.1

Inputs to NRC

Review documents are defined as those essential items that have a direct relevance to the
intended proposed application. This may include reference LTRs either in whole or in part.
The Model DescriptionLTRs and the QualificationLTRs are examples of reference LTRs.
There are five sets of documents that have been identified by the BWROG as being directly
applicable to the review of the licensing application to the new stability limit (Table 1-1):

1-2
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Table 1-1

Review Documents for Licensing Application for BWROG Stability Limit
Document
Number and Date

Title

No.

Comment

1

LicensingApplication Frameworkfor
B WROG Stability Limit Analysis

NEDO-33095
March 2003

This document.

2

TRACG ModelDescriptionLTR

3

TRACG QualificationLTR

NEDE-32176P
Rev. 1, Feb. 1996
Rev. 2, Dec. 1999
Rev. 3, April 2003
Rev. 4, TBD
NEDE-32177P
Rev. 1, June 1993
Rev. 2, Jan. 2000
Rev. 3, April 2003
Rev. 4, TBD

Revs. 1, and 2 supplied
previously. Rev. 3 for
LOCA planned. Submit
Rev. 4 with Application
LTR, if needed.
Revs. 1, and 2 supplied
previously. Rev. 3 for
LOCA planned. Plan to
submit Rev. 4 with the
application LTR.

4

Fuel Channel ThermalHydraulics and
Fuel Rod Thermal-MechanicalModel
Descriptionand QualificationLTRs
Application LTRfor BWROG Stability
Limit Analysis

To be determined

Vendor-specific LTRs to
be provided.

NEDO-33096
Date TBD

LTR to be created as
described in this
framework document.

5

6

NEDE-33096-S#
Application LTR for B WROG Stability
Limit Analysis - ProprietarySupplements Date TBD

1.3.2.2

Supplements to be
created as described in
this framework doc.

Outputs from NRC

The BWROG will be requesting that the NRC staff review the Application LTR for B WROG
Stability Limit Analysis that the BWROG is planning to submit. The date of the submittal
has not been determined. This review will include by reference the relevant sections of the
TRACG Model Description LTR, the TRACG Qualification LTR, and the vendor-specific
Fuel Channel Thermal Hydraulics and FuelRod Model Descriptionand QualificationLTRs.
The NRC will determine what other documents are relevant and germane to their review.
It is anticipated that additional documentation and information will be supplied in response to
NRC requests for additional information (RAIs). The RAIs are an NRC output. When
feasible, these requests and the BWROG responses will be incorporated either directly or as
an addendum to the most appropriate LTR. For some rare cases, it may be more appropriate
to supply a separate document(s).
It is anticipated that the NRC will produce a single safety evaluation report (SER) assessing
the licensing application of the BWROG stability limit. The SER would be incorporated into
the application LTR.
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1.3.3

Review Scope

The review documents that the BWROG and the BWR fuel vendors plan to submit to the
NRC are listed in Table 1-1. The NRC has previously reviewed early revisions of the
TRACG Model Description and TRACG Qualification LTRs. The suggested review scope is
limited to the latest revision of the LTRs. This information is intended as a tool for use in
defining the scope, planning resources, estimating schedules, etc. That is why it is provided
to the NRC early in the review cycle prior to submittal of the application licensing topical
report. Both the submitter and the reviewer benefit from such a tool.
The relationships between code modeling capabilities and the important BWR instability
phenomena will be addressed in the Application LTR and vendor proprietary supplements.
Phenomena Identification and Ranking Table(s) (PIRTs) are used as a tool in assessing the
suitability of the models and their qualification. The meaning of the rankings, how they were
obtained, and how they are used is documented in Section 3.1.6.5.2.3.
The NRC staff has previously reviewed many of the phenomena that are of high importance
for instability transients for BWRs/2-6 and is familiar with the process used to quantify the
uncertainties for these types of system analyses. To assist the NRC staff in their review, the
correspondence between the high and medium ranked phenomena for BWR/2-6 stability
applications and the TRACG Model Description and TRACG Qualification LTRs will be
indicated in a proprietary supplement to the Application LTR.
The single-channel thermal hydraulic and the detailed fuel rod and pellet thermal/mechanical
analyses to be performed and documented by each fuel vendor will use a similar approach so
that the overall uncertainty relative to compliance with the SAFDLs can be determined. The
PIRTs that apply for the single-channel thermal hydraulic and the detailed fuel rod and pellet
thermal/mechanical analyses are provided in Section 3.1.6.5.2.3.
The important phenomena have been identified and ranked early in the program so that there
is concurrence among the participants on which model uncertainties must be addressed. This
will allow the NRC to review and compare the proprietary results from the different vendors
to assess the relative importance of the component uncertainties and their relationship to the
amount of margin to the stability licensing criteria.
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1.4 Objectives
The objectives are divided into six groups corresponding to the six documents that comprise
the licensing submittal scope.

1.4.1 Objectives for the Application Framework
"* Maximize the effective use of resources in preparing, documenting and reviewing
the applications by minimizing duplication of previous work.
"* Identify those elements that are generic to any application and establish a
framework for how those elements will be addressed.
The following elements have been identified as being generic to any TRACG and
vendor-specific fuel channel thermal-hydraulic and fuel rod thermal-mechanical
application:
1. Identification of the application.
2. Plant and event definition.
3. Identification of important phenomena.
4. Documentation of the relevant TRACG and vendor-specific fuel channel thermal
hydraulic and fuel rod thermal-mechanical models and qualification.
5. Applicability of TRACG and vendor-specific fuel channel thermal-hydraulic and
fuel rod thermal-mechanical codes for the stated application.
6. Development of a detailed application methodology.

1.4.2 Objectives for the TRACG Model DescriptionLTR
"* Describe the models and correlations.
"• Define the technical basis and assumptions.
"• Specify the application ranges of the models and correlations.
"* Document the implementation (as coded).

1.4.3 Objectives for the TRACG QualificationLTR
"* Describe the qualification basis.
"* Assess and document adequacy of the models and correlations.
"* Provide bases for model and experimental biases and uncertainties.
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1.4.4 Objectives for the Fuel Channel Thermal-Hydraulic
and Fuel Rod Thermal-Mechanical Model Description
LTRs
"* Describe the models and correlations.
"* Define the technical basis and assumptions.
"* Specify the application ranges of the models and correlations.
"* Document the implementation (as coded).

1.4.5 Objectives for the Fuel Channel Thermal-Hydraulic
and Fuel Rod Thermal-Mechanical Qualification
LTRs
"* Describe the qualification basis.
"* Assess and document adequacy of the models and correlations.
"* Provide bases for model and experimental biases and uncertainties.
Note: Model description and qualification LTRs may be combined into one document.

1.4.6 Objectives for the Application LTR
" Demonstrate that TRACG and vendor-specific fuel channel thermal-hydraulic and
fuel rod thermal-mechanical codes are applied in a way that satisfies all regulatory
requirements.
A top-down approach will be applied to clearly state the relevant requirements and
guidelines for the intended application. The documentation elements used to demonstrate
compliance with the requirements will be identified. A detailed licensing application
methodology will be developed and demonstrated.
" Document the elements and processes used to quantify the uncertainties associated
with the intended applications.
The licensing methodology must produce accurate and sufficiently bounding results that
account for the uncertainty in models and plant operating conditions. The amount of
conservatism must be quantified and documented.
Provide complete documentation (including proprietary supplements) for the
application so that NRC review and approval and SER (when required) can be
focused on the application.
TRACG has been used previously in a variety of ways. The NRC has accepted many of
these applications including application to BWR system stability analyses[" 1 . The NRC
is currently reviewing the GE code PRIME, which is an improvement to GESTR, for fuel
thermal/mechanical analysis. Similarly, the NRC has reviewed the modeling capability
1-6
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of other vendor codes. Additional applications are likely to be developed in the future.
These applications use different models and rely on different aspects of the qualification
basis. By focusing on the application and providing documentation for the application
that identifies and cross references the elements that are relevant to that application, we
can minimize duplication of documentation and review for those elements that are
common to more than one application.

1.5 References
[1-1]

Jones, Robert C., (NRC) letter to R.A. Pinelli (Chairman, BWR Owner's Group),
"Acceptance for Referencing of Topical Report NEDO-32465, BWR Owner's Group
Reactor Stability Detect and Suppress Solutions Licensing Basis Methodology and
ReloadApplications (TAC M92882)," March 4, 1996.
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2.0 REQUIREMENTS FRAMEWORK
2.1 Licensing Requirements for Reactor Instability
2.1.1

10CFR50 Appendix A

The GeneralDesign Criteriafor Nuclear Power Plants are stipulated in Appendix A to Part
50 of 1OCFR. The relevant section from 10CFR50 Appendix A for reactor instability is
General Design Criterion (GDC) 12.

2.1.2

General Design Criterion 12

GDC 12 requires that the reactor core and associated coolant, control, and protection systems
shall be designed to assure that power oscillations which can result in conditions exceeding
specified acceptable fuel design limits (SAFDLs) are not possible or can be reliably and
readily detected and suppressed.
SAFDLs
The phenomenological areas where SAFDLs are required have been identified by the BWR
fuel vendors as indicated in the left column of Table 2-1. These were presented to the NRC
staff in the meeting on November 5, 2002. Since that time, critical parameters have been
identified for the fuel rod thermal-mechanical analyses (see Table 3-5) to characterize the
impact of a stability event in a way that ensures that no predicted fuel rod failures occur and
the change in fuel rod properties from those assumed in design and licensing analyses are
negligible so that the fuel can be reused following the stability event. That is why most of
the critical parameters shown in column 2 of Table 2-1 are expressed in terms of changes or
increments to quantities that are already assessed for AOO transients and accident analyses.
The two notable exceptions are the fuel centerline temperate and the clad temperature.
It is apparent from the comments in column 3 of Table 2-1 that the critical parameters other
than the incremental fatigue are strongly dependent on the fuel and clad temperatures. One
can readily determine that the fuel temperatures themselves are strongly correlated to the clad
surface temperature via the fuel heat transfer parameters.

2.1.3

Standard Review Plan Guidelines (NUREG 800)

The NRC guidelines for review of the fuel system design are identified in Section 4.2 of the
Standard Review Plan (SRP) [2-1]. Although instability events and GDC 12 are not
specifically mentioned in Section 4.2, the guidelines in this section can be used to provide
assurance that the fuel system is not damaged as a result of an instability event.
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Table 2-1

SAFDLs for BWR Stability Events

Phenomena where SAFDLs Required
Cladding and channel stress and strain,
including:
-creep deformations
-annealing of irradiation hardening
-pellet cladding mechanical interaction
Cladding fatigue
Cladding oxidation
Dimensional changes (fuel rod growth,
cladding collapse)

Increased fission gas release and fuel
rod internal pressure

Fuel centerline melting

Table 3-5
Critical
Parameters
1. Change in clad
stress strain
curve
7. Clad
temperature
3. Incremental
clad fatigue
4. Incremental
clad oxidation
2. Incremental
clad strain

5. Incremental
fission gas
pressure
(release from
pellet)
6. Fuel centerline
temperature

Comments
Clad stress/strain curve depends
mainly on clad temperature as
does annealing.

Fatigue depends primarily on the
number of cycles.
Oxidation is a strong function of
clad temperature.
Clad strain depends primarily on
the gap size and the fission gas
pressure both which change with
temperature.
Fission gas release mechanisms
are strong functions of fuel pellet
temperature changes.

Fuel temperatures depend on
power and heat transfer.

2.2 Encoded Technology Requirements
2.2.1

1OCFR50 Appendix B

The relevant sections from IOCFR50 Appendix B are: Section 3 (Verification and
Validation), Section 11 (Testing), and Section III (Problem Reporting and Corrective
Action).

2.2.2

Procedures

Encoded technology in the form of Engineering Computer Programs (ECPs) is governed by
procedures that are compliant with the intent of NQA 1, Part 2.7. The referenced
requirement governs all aspects of software development, testing, documentation,
deployment and control. The ECP procedures also comply with the intent of overlapping
requirements from 10CFR50 Appendix B.
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2.3 Application Methodology Requirements
2.3.1

Review and Approval

Changes
Clearly delineate the types of minor changes to documents that may be made without the
same review and approval as the original document (RG 1.64 - 06/1976, ANSI N45.2.11
1974, Section 7.2). The Application LTR will define what changes are considered to be
minor and do not require the same review and approval as the original document. Thresholds
for the amount of change in the values of critical safety parameters will be established so that
what constitutes a minor change can be unambiguously quantified.

2.3.2

Proposed Application Methodology for Instability
Events

The proposed application methodology using TRACG and vendor-specific fuel channel
thermal-hydraulic and fuel rod thermal-mechanical codes for BWROG stability limit analysis
addresses all the elements of the NRC-developed Code Scaling, Applicability and
Uncertainty (CSAU) evaluation methodology. The CSAU methodology is documented in
the report Quantifying Reactor Safety Margins, Application of Code Scaling, Applicability,
and Uncertainty Evaluation Methodology to a Large-Break Loss-of-Coolant Accident12 ".
The CSAU report describes a rigorous process for evaluating the total model and plant
parameter uncertainty for a nuclear power plant calculation. Further details on the CSAU
methodology is contained in the NRC-issued Regulatory Guide 1.157 "Best-Estimate
Calculations of Emergency Cooling System Performance"1 2 "3]. These references deal with
requirements for loss-of-coolant accidents (LOCAs) that are not specifically required for
stability analyses; however, the rigorous process for how to apply realistic codes and how to
quantify the overall model and plant parameter uncertainties appears to represent the best
available practices. Reference [2-4 is an example of the application of the CSAU
methodology for realistic AOO transient analyses. That application and this proposed
application for stability analyses are consistent with the draft regulatory guide DG-1 12012-51.
The CSAU methodology[2 -21 provides a more rigorous framework for implementing the
current process, embodying the elements of phenomena identification and ranking,
documentation of models, assessment against Systems Effects Tests (SETs) and Integral
System Tests (ISTs) for the key phenomena, and quantification of uncertainties due to the
models, scaling and plant parameters. The model uncertainty is derived from the propagation
of individual model uncertainties through code calculations; experimental comparisons are
used as a check on the derived uncertainty. The CSAU methodology as documented in
Reference 2-2 consists of 14 steps, as outlined in Table 2-2. The two right-most columns of
the table indicate where the results from the CSAU step will be documented.
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Table 2-2
CSAU
Step

Code Scaling, Applicability and Uncertainty Evaluation Methodology
Description

Documentation

Proprietary
?

1

Scenario Specification

Application LTR

No

2

Nuclear Power Plant Selection

Application LTR

No

3

Phenomena Identification and Ranking

Application LTR

No

4

Frozen Code Version Selection

Application LTR

No

5

Code Documentation

Application LTR

No

Details in
Vendor LTR

Yes

Summary in
Application LTR
Details in

No

6

Determination of Code Applicability

Yes

Vendor LTR

7

Establishment of Assessment Matrix

Summary in
Application LTR
Details in
Vendor LTR

Yes

No

8

Nuclear Power Plant Nodalization Definition

Application LTR

No

9

Definition of Code and Experimental Accuracy

Summary in
Application LTR
Details in
Proprietary Suppl.

No
Yes

10

Determination of Effect of Scale

Application LTR

No

11

Determination of the Effect of Reactor Input
Parameters and State

Summary in
Application LTR

No

Details in
Proprietary Suppl.

Yes

Summary in
Application LTR

No

Details in
Proprietary Suppl.

Yes

Summary in

No

12

13

Performance of Nuclear Power Plant Sensitivity
Calculations

Determination of Combined Bias and Uncertainty

Application LTR

Details in

Yes

Proprietary Suppl.

14

Determination of Total Uncertainty

Summary in

No

Application LTR

Details in
I Proprietary Suppl
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The 14 CSAU steps are summarized in the following paragraphs. The objectives for each
step are addressed by indicating how the Licensing Application Framework will address
them.
1. Specify scenario.
Determination of a code's applicability and uncertainty is event dependent because the
dominant processes and safety parameters change from one event to another. The event
scenario therefore dictates the processes that must be addressed. Once the event has been
selected, the most important phenomena must be identified. In this process, it may be
advantageous to subdivide the event into phases. By doing so, the complexity of
analyzing the components and phenomena is reduced. The subdivision allows reduction
of the analysis to only those processes and components that are important during each
phase. By carefully defining the event and its phases, the groundwork for the
identification and ranking of the component and processes is laid. The scenarios for the
selected events are documented in the application LTR, as indicated in Section 3.1.6.5.2.1
of this framework.
2. Select nuclearplant(s).
For each application, the specific plant design or group of plants will be defined, as
indicated in Section 3.1.6.5.2.2 of this framework.
3. Identify and rank phenomena.
All processes and phenomena that occur during an event do not equally influence plant
behavior. The most cost efficient, yet sufficient, analysis reduces all candidate
phenomena to a manageable set by identifying and ranking the phenomena with respect
to their influence on the primary safety criteria. The phases of the events and the
important components are investigated. The processes and phenomena associated with
each component are examined. Cause and effect are differentiated. After the processes
and phenomena have been identified, they are ranked with respect to their effect on the
primary safety criteria for the event. A phenomena identification and ranking table
(PIRT) is established to guide the subsequent uncertainty quantification. The PIRT tables
for a specific application will be developed, as indicated in Section 3.1.6.5.2.3 of this
framework. A large portion of the work has already been completed, as indicated by the
examples in Section 3.1.6.5.2.3.
4. Select frozen code.
TRACG04A is the frozen code selected for the system analysis. (Add ved~ii-sPecifc
5. Document code.
A summary description of TRACG models is provided in Section 3.1.1. The details are
contained in the TRACG Model Description LTR. A summary description of the
TRACG qualification is provided in Section 3.1.2. The details are contained in the
TRA CG QualificationLTR. P-cdb
s)
6. Determine code applicability.
To demonstrate applicability,one must begin with capability. Capability to calculate an
event for a nuclear power plant rests on four elements: (1) conservation equations, which

2-5

Unverified Draft to Facilitate NRC Feedback: NEDO-33095

provide the code capability to address global processes; (2) constitutive correlations and
models, which provide code capability to model and scale particular processes; (3)
numerics, which provide code capability to perform efficient and reliable calculations;
and (4) structure and nodalization, which address code capability to model plant
geometry and perform efficient and accurate plant calculations. All four elements must
be considered when evaluating the code capability for a specific application. These
elements will be addressed by the proprietary model description LTR supplied by each
fuel vendor. Model capability for each code will be addressed as indicated in Section
3.1.6.5.3.1. Model capability is only one aspect needed to demonstrate that the code is
applicable. Applicability also implies that the capability of the code has been
demonstrated by actually applying the code in the intended manner and then qualifying
the results. The qualification aspects of applicabilitywill be addressed for each code and
will be documented in proprietary supplements to the application LTR as indicated in
Section 3.1.6.5.3.2. These assessments for the specific applicability for stability analyses
will be supported by proprietary model description and qualification LTRs provided by
each fuel vendor.
7. Establish assessment matrix.
The determination of a code's uncertainty must be based on a sufficient data set, which
includes use of separate effects tests, component tests, and integral effects tests as well as
available plant data. All phenomena and components that were identified and ranked
important in the PIRT table for the selected events for the nuclear power plant must be
covered by the assessment matrix. The approach is to start generically at a high level and
work down to the detailed levels. At the more detailed level where the specific scenario
has been characterized, some PIRT rankings may be reduced because the phenomena are
not important for that particular application scenario. For those highly ranked
phenomena that remain, it is necessary to identify the model quantities associated with
the phenomena so that the uncertainties, biases and probability distribution functions for
these quantities can be determined. The PIRTs relevant for the BWROG stability limit
application will be documented in the application LTR, as indicated in Section 3.1.6.5.2.3
of this framework. The assessment will be addressed in the different vendor-specific
proprietary qualification LTRs.
8.

Define nodalizationfor plant calculations.
The plant model must be nodalized finely enough to represent both the important
phenomena and design characteristics of the nuclear power plant but coarsely enough to
remain economical. In principle, nodalization can be treated as an individual contributor
to code uncertainty; however, quantification of nodalization uncertainty can be very
costly. Thus, the preferred path is to establish a standard nodalization based on the
assessment against separate and integral effects tests. Nodalization studies have been
performed in assessing this test data in order to determine the level of detail necessary to
represent the important phenomena and then consistent levels of detail have been applied
to establish standard nodalization schemes for the BWR.
The standard BWR
nodalization for TRACG is defined based on the qualification and is described in TRACG
Qualification LTR. Nodalization sensitivities that apply for the BWROG stability limit
application will be addressed in the application LTR.
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Nodalization sensitivity studies will also be performed for the single channel thermal
hydraulic and thermal-mechanical analyses. These will be documented as part of the
proprietary supplements to the application LTR.
9. Determine code and experiment uncertainty.
Simulations against experiments are used to determine the code accuracy. Comparisons
to separate effects are used to quantify the uncertainty in the individual models and
correlations. The impact on the primary safety parameters for the nuclear power plant
can be determined in several ways. One way is to consider how the primary safety
parameter varies as the inputs to the model are individually varied a specified amount.
Another way is to analyze the extremes of the ranges. Comparisons against separate
effects tests, integral effects tests and plant data can also be used to evaluate the effects of
scale. A summary of the TRACG qualification has been provided in Section 3.1.2 of this
framework. The uncertainties of the code in simulating the important phenomena for the
BWROG stability limit application will be addressed in a proprietary supplement to the
application LTR. The propagation of uncertainties between the system analyses and the
single channel thermal-hydraulic and fuel rod thermal-mechanical analyses will be
performed and documented as described in Section 3.1.6.5.6.
10. Determine effects of scale.
The differences for similar physical processes, at scales up to and including full scale,
should be evaluated to establish a statement of potential scaling effects. For TRACG this
has been done by evaluating the experimental basis for the individual models and
correlations against full-scale plant conditions, by having qualification against separate
effects tests, integral effects tests and full-scale plant data, and by using a plant
nodalization based on the qualification against experimental data. Specific needs for the
BWROG stability limit application will be addressed. In most cases, the single channel
thermal-hydraulics models and fuel rod thermal-mechanical models are qualified using
full scale data so that the effects of scale are not relevant for these models.
11. Determine effects of plant operatingconditions.
Uncertainties in the nuclear power plant simulations may result from uncertainties in
plant operating state at the initiation of the transient event or in plant process parameters.
For example, the state of the fuel is a function of burnup history prior to the transient
event and of manufacturing tolerances. Realistic variations in input and process
parameters are determined with experimental data and/or analytical studies. The
uncertainties are best quantified as biases and distributions, but can be treated as separate
bounding biases if necessary. Specific needs for the BWROG stability limit application
will be addressed in the application LTR.
12. Perform plant sensitivity calculations.
Nuclear power plant calculations for a given event are used to determine the code's
output sensitivity (in the primary safety criteria parameters) to various plant operating
conditions that arise from uncertainties in the reactor state at the initiation of the transient
event or in plant process parameters. Similarly, nuclear power plant calculations are used
to address the uncertainties introduced by the code models and correlations. In this
manner, the sensitivity of the safety-related quantities to these parameters is evaluated
individually or collectively. The nominal calculation and the sensitivity studies for the
BWROG stability limit application are documented in the application LTR.
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13. Combine biases and uncertainties.
In this step all the biases and uncertainties are combined to an overall bias and
uncertainty. There are different techniques that can be used, as discussed in Section
3.1.6.5.6. For the system analysis, the combined bias and uncertainty for a particular
parameter will be determined using the approach presented in Section 3.1.6.5.6.8 of this
framework. Additional details that may be relevant to the BWROG stability limit
application will also be presented in the application LTR.
14. Determine total uncertainty.
The statement of total uncertainty for the application is given as an error band or a
statement of probability for the limiting value of the primary critical parameter. Based on
the assessment presented in Table 2-1, it is likely that the critical parameter of primary
interest is going to be the peak clad temperature. Of course, there are other critical
parameters for which it may be desirable to quantity the total uncertainty. For example, it
may be useful to quantify the total uncertainty in the incremental clad strain. These
details will need to be addressed as the program develops. How these total uncertainties
are applied in the evaluation of specified acceptable fuel design limits (SAFDLs) will be
documented in the Results section of the application LTR, as indicated in Section
3.1.6.5.7 of this framework.

2.3.3

Application Procedures

Measures shall be establishedand documented to control the issuance of documents, such as
instructions,procedures, and drawings, including changes thereto, which prescribeactivities
affecting quality (RG 1.28 - 07/07/72, ANSI N45.2-1971, Section 7, Paragraph 1).
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3.0 DOCUMENTATION FRAMEWORK
An overview of the documentation scope for the requested NRC staff review was given
in Section 1.3.2. The relationships between the model and qualification LTR(s) that will
be supplied and the process steps for the analyses are shown in Figure 3-1. The tables
that are referenced in Figure 3-1 are described in Section 3.1.6.5.2.3. Most of the
elements for each document that the BWROG has or will produce are summarized in the
sections that follow. The greatest emphasis is placed on describing the contents of the
Application LTR since that is the document on which the BWROG has requested that the
NRC staff focus their review.

3.1 Licensing Documentation
Licensing documentation includes certain essential elements that are included by
reference. Such essential elements are defined as reference LTRs. The TRACG Model
DescriptionLTR and the TRACG QualificationLTR are two examples of reference LTRs
that are essential for all applications. To a large extent, the content of these two LTRs
satisfy generically many of the documentation requirements for a licensing application.
The TRACG Model Description LTR3-1 3 and its subsequent revisions are incorporated by
reference as part of the review scope. It is a reference LTR. The TRACG Qualification
LTR[3-21 and its subsequent revisions are incorporated by reference as part of the review
scope. It is a referenceLTR.
This framework document is also intended to be a reference LTR. It is not intended that
the framework document be formally reviewed, since the application LTR will contain all
the essential elements. The Application LTR for BWROG StabilityLimit Analysis that the
BWROG is planning to prepare and submit will be the primary document that will
require NRC review. The contents of the application LTR and the BWROG plan for
preparing it are described in Section 3.1.5 of this framework.
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Figure 3-1 Relationships Between Process Steps and Documentation Elements
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3.1.1

TRACG Model Description Topical Report

The TRACG Model Description LTR13 '1 contains the description of the models and
correlations. Earlier revisions of this LTR have been provided to the NRC in support of
the other applications. The contents of the TRACG Model Description LTR are
summarized in the following subsections.
There are many models encoded in the TRACG software. The flexibility of the code
allows the most appropriate models and nodalizations for the particular application to be
selected. The control and response of the selected models, both individually and
collectively, depend largely on the application. An application is determined by the
inputs that are provided. It is logical that these applications be documented separately
from the documentation for the models and the computer code so that new applications
can be documented and qualified as they are developed. This is the primary reason that
the model documentation has been separated and collected primarily into a single
document.

3.1.1.1

Modular Structure

TRACG has a modular structure and flexible geometry capability. It contains a set of
basic thermal-hydraulic components, such as vessel, channel, pipe and tee components.
These components are then used as building blocks to construct the system simulation.
The components can be connected through flow paths or heat transfer paths. A typical
example on the TRACG nodalization is shown in Figure 3-2. All the components in
TRACG utilize the same basic models. There is a common one-dimensional hydraulic
model that is used by all one-dimensional components. The multi-dimensional hydraulic
model is used by the vessel component only, and it is identical to the one-dimensional
model, when reduced to one dimension.
One common heat conduction model is used by all the one-dimensional components for
the wall heat transfer and by the vessel component for the radial heat slabs. The one
dimensional heat conduction model used by the vessel component for the axial heat slabs
is similar except for the discretization. Finally, there is only one set of constitutive
correlations for shear and heat transfer in TRACG, and it is used by all the components.
TRACG also contains a modular control system consisting of a set of control blocks.
These control blocks can be connected either to each other or to thermal-hydraulic
components to form complex control systems such as a BWR water level control system.
The geometry of the simulation is controlled through code input by specifying the
components to be used, and how they are interfaced. This allows the same code without
modification to be used for analysis of simple test facilities as well as complex integral
system effects tests and BWRs.
TRACG components can interface with each other either through fluid flow or through
heat transfer between components. One-dimensional components can be connected to
each other at their junctions by specifying the same junction number for two components.
A typical example of this is the recirculation line for a BWR, which can be simulated by
combining pipe, pump, valve, and jet pump components. One-dimensional components
can be connected to any cell in the three-dimensional vessel component by specifying a
3-3
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corresponding junction number for the one-dimensional component and source number
for the vessel component. A typical example is the channel component (CHAN) that is
connected to the lower and upper plena in the vessel through the channel inlet and outlet
junctions, and to the bypass region of the vessel through the leakage junction.
The walls of a one-dimensional component can transfer heat between the fluid in the
component and the fluid in any other component. A typical example of this feature is the
channel component, where there is heat transfer from the outside of the channel wall to
the fluid in the bypass region of the vessel component.

VENT AND HEAD SPRAY

VSSL

PIPE
STEAM LINE

SSEPARATOR

Figure 3-2 Reactor Vessel Nodalization
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3.1.1.2

Thermal-Hydraulic Models

3.1.1.2.1 Basic Equations
Two momentum equations are solved using a staggered mesh across the cell boundaries
to obtain a semi-implicit expression for the liquid and gas phase velocities in terms of the
donor-cell fluid conditions. These expressions are used to solve the mass and energy
conservation equations for the gas and the liquid phases in the cells. TRACG does not
include any assumptions about thermal or mechanical equilibrium between the phases;
thermal-hydraulic conditions with unequal velocities, including counter-current flow and
unequal temperatures, can be simulated. The gas phase may consist of a mixture of
steam and a noncondensible gas with the partial pressures given by Dalton's law. The
liquid phase may contain dissolved boron. Steam and the noncondensible gas are
assumed to be perfectly mixed in a computational cell, thus having the same velocity and
temperature, but different cells can have different concentrations allowing the simulation
of non-uniform distribution of the gasses. Similarly, the boron is assumed to be perfectly
mixed with the liquid in a given computational cell, and different cells can have different
boron concentrations, allowing for the simulation of boron distribution within the reactor
pressure vessel. The thermal-hydraulic model is a multi-dimensional formulation for the
vessel component and a one-dimensional formulation for all other components.
TRACG solves the one-dimensional heat conduction equation for the fuel rods and other
structural materials in the system. The structures include the pipe walls for the one
dimensional components, the outer wall of the vessel component and internal heat slabs
in the vessel component. For the one-dimensional component walls, the inside heat
transfer is to the fluid in the component. The outside heat transfer can be to the fluid in
any other component or to a specified boundary condition. The internal heat slabs in the
vessel component can be placed either completely within a vessel cell or at the boundary
between two vessel cells, either in the axial or the radial direction.
3.1.1.2.2 Constitutive Correlations
The conservation equations for mass, momentum, and energy are closed through an
extensive set of basic models consisting of constitutive correlations. These correlations
include models for the interfacial shear controlling the relative velocity between the
phases and thereby the void fraction and the wall friction as well as form losses, which
together with static heads and acceleration pressure drops, determine the pressure
distribution. Also included are models for the wall heat transfer that includes convective
and radiation heat transfer, and interfacial heat transfer between the phases. The heat
transfer models determine the wall and fluid temperatures as well as the vapor generation.
The constitutive correlations are flow regime dependent, and are determined based on a
single flow regime map, which is used consistently throughout the code. The flow
regimes include single-phase convection to liquid, bubbly and chum flow with subcooled
and nucleate boiling, annular flow with forced convection vaporization or condensation,
film boiling for inverted annular flow and dispersed droplet flow, and single-phase
convection to vapor.
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3.1.1.3

Component Models

In addition to the basic thermal-hydraulic models, TRACG also contains a set of
component models for the BWR components, such as recirculation pumps, jet pumps,
fuel channels, steam separators and dryers.
The simplest one-dimensional component in TRACG is the pipe component. It contains a
one-dimensional hydraulic model for the fluid flow in the pipe and a one-dimensional
model for the radial heat conduction in the pipe wall. The number of hydraulic nodes for
the fluid flow and radial nodes for the wall heat transfer are specified through input. The
pump and valve components are variations on the pipe component. The pump
component is hydraulically similar to the pipe component, except that the momentum
equation is modified at one of the cell boundaries in the component to accommodate the
pump model. The pump model calculates the pump speed and the hydraulic head
imposed by the pump on the fluid. The valve component is similar to the pipe
component, except that the flow area of one of the cell boundaries can be varied to
simulate the opening and closing of a valve. The specific characteristics of a valve can
be simulated by using the control system to specify the flow area.
The tee component is similar to a pipe component except that a one-dimensional flow
path branches at a specified location into two flow paths that are implicitly coupled. The
angle between the branches can be specified. The number of hydraulic cells and the
specific details for each cell can be specified in each branch. The separator is an option
to the tee component. The primary branch simulates the standpipe and the separating
barrel in a BWR steam separator, and the secondary branch simulates the drain channel.
Special models are included to simulate the separation of the steam and liquid in the
component. The jet pump and channel components are variations on the tee component.
The jet pump component is similar to the tee component, except that special models for
the interaction and mixing of the drive and suction flows are included.
The channel component is based on a tee component and includes simulation of the fuel
rods and water rods. The primary branch represents the active channel where the fuel
rods and water rods are located. The secondary branch simulates the leakage flow path
from the bottom of a BWR fuel channel to the bypass region of the reactor vessel. A
one-dimensional model is included for the radial heat transfer in the fuel rods. Hydraulic
conditions inside the water rods can be simulated. Special models are included for the
power generation and the heat transfer in the channel component (e.g., radiation heat
transfer).
The vessel component is the only multi-dimensional component in TRACG. It can be
nodalized in two dimensions using Cartesian coordinates and in two or three dimensions
using cylindrical coordinates. A multi-dimensional version of the hydraulic model is
used for the fluid flow in the vessel component. Heat slabs simulating structures inside
the vessel can be included in the vessel component. A lumped heat slab can be included
in any vessel cell, and a one-dimensional heat slab can be included at the boundary
between two vessel cells either in the axial or radial direction.
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3.1.1.4

Kinetics Model

The TRACG neutron kinetics model solves the 3-D transient diffusion equations using
one neutron energy group and up to six delayed neutron precursors. The basic
formulation and assumptions are consistent with the GE 3-D BWR Core Simulator.
Neutron flux and delayed neutron precursor concentrations at every node are integrated in
time in response to moderator density, fuel temperature, boron concentration or control
rod changes. Initial exposure and xenon concentration distributions are specified from
the 3-D core simulator and are assumed to be constant during the transient.
The mesh points are distributed within (the order of) one fast neutron mean free path,
with each mesh point representing approximately a 6-inch cube. The mesh spacing is
assumed to be constant. The cross sections and k1, used within the physics model are
derived from three-group cross sections obtained from a lattice physics code.

3.1.1.5

Control System

The TRACG control system model serves two primary purposes. First, it allows the user
to model an actual BWR plant control system at any desired level of detail. This includes
the pressure, level and recirculation flow control systems. Accurate modeling of the
plant control system can play an important role in the successful analysis of many
transients, including ATWS and operational transient analyses. Secondly, the control
system may be used to assist in the initialization of any plant deck by allowing the user to
automatically control the value of certain plant parameters during the initialization
process.

3.1.1.6

Numerical Method

TRACG contains an explicit and a fully implicit integration of the thermal-hydraulic
equations. The implicit integration includes not only the two-fluid mass and energy
equations, but also the heat conduction equations for the fuel rods and other structural
elements and the heat transfer coupling between the structures and the fluid. The fully
implicit integration scheme is implemented for both the one-dimensional and the multi
dimensional components. Therefore, the time step size is not limited by the material
Courant limit, but only by accuracy criteria. This allows TRACG to use large time step
sizes for slow transients, thereby significantly reducing the computer time requirements.
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3.1.2

TRACG Qualification Topical Report

The TRACG Qualification LTR[3- 21 describes the qualification basis. Comparisons to a
wide range of data are provided to document the adequacy of the models and
correlations. These comparisons provide the bases for determining the model and
experimental biases and uncertainties. Earlier revisions of this LTR have been provided
to the NRC in support of other applications. The contents of the TRACG Qualification
LTR are summarized in the following subsections.

3.1.2.1

Overview

Qualification of the models needs to be performed in the context of their application.
How the models respond individually and collectively depends on the application; thus,
qualification of the models for a particular application is a strong function of the
application. Because TRACG is a flexible tool with many different possible applications,
the qualification basis is intentionally broad. To facilitate the current review and
maintain continuity with other accepted applications, the qualification basis will, to a
large extent, continue to be maintained as a single document.
The flexibility of TRACG to be applied in many different ways is an advantage since
TRACG can be used to directly simulate the various test facilities. Depending on the
purpose of the test facility, comparisons can be made for (1) separate effects, (2)
component effects or (3) system combined effects. Such comparisons allow the
uncertainties and biases to be established in a variety of ways. However, both the model
and the range of inputs for a particular application must be specified to assure that the
qualification basis is appropriate for that particular intended application. That is one
good reason for addressing these issues separately in an applicationLTR that is specific
to the application.
TRACG has been extensively qualified against separate effects tests, component
performance data, integral system effects tests and full-scale BWR plant data. TRACG
was first qualified against separate effects tests and component performance tests. The
separate effects tests are simple, well-controlled tests used to provide information on the
basic models and phenomena. The qualification against these data was done to
demonstrate the adequacy of the basic equations and constitutive correlations in TRACG.
The component performance tests provide data on the performance of individual BWR
components. Secondly, TRACG was qualified against integral system effects tests.
These tests consist of scaled simulations of a BWR. The primary purpose of these tests is
to evaluate the integral system performance and the interaction between the various
components and processes in the system. In addition to demonstrating the adequacy of
simulating the integral system response, these tests provided information that was used to
develop guidelines for how to nodalize the various BWR components.
A standard BWR nodalization was then developed based on the nodalization that was
used for the qualification against separate effects, component performance, and integral
effects tests. This nodalization has then been used for all comparisons to full-scale BWR
plant data. Finally, TRACG was compared to data from full-scale BWR plant. The plant
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data category includes startup tests, transient and stability tests for full-scale BWR plants,
including the ABWR.
Detailed descriptions of the TRACG models and qualification are contained in the
TRACG Model Description and TRACG QualificationLTRs.

3.1.2.2

Separate Effects Tests

These are simple, well controlled tests used to provide information on the basic models
and phenomena, including: (1) void fraction data to assess interfacial shear and subcooled
boiling models; (2) heat transfer data; (3) flow limitation data such as counter-current
flow limitation (CCFL) and critical flow; (4) pressure drop data to assess wall friction;
(5) critical power data; (6) neutron kinetics data; and (7) thermal-hydraulic stability data.

3.1.2.3

Component Performance Tests

In these tests, the performance of BWR components has been evaluated. The tests
include: (1) jet pump data for forward and reverse flow; (2) steam separator data for
phase separation and pressure drop; (3) and data for emergency core cooling (ECC)
injection and distribution in a BWR upper plenum.

3.1.2.4

Integral System Effects Tests

These tests consist of scaled simulations of a BWR. The primary purpose of these tests is
to evaluate the integral system performance and the interaction between the various
components in the system. These tests include LOCA simulations for jet pump BWRs in
the TLTA, FIST and SSTF.

3.1.2.5

BWR Plant Tests

This category includes transient and stability tests for full-scale BWR plants.

3.1.2.6

Summary of Qualification

The qualification that has been performed for TRACG is extensive and shows that
TRACG is capable of simulating all the major controlling phenomena in a BWR.
TRACG is applicable for simulation of a BWR for a wide range of scenarios ranging
from steady-state conditions through transient events, including operational transients and
reactor stability to severe LOCA conditions, reactivity insertion and ATWS events.
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3.1.3

PRIME Model Description and Qualification
Topical Reports

The PRIME Model Description and Qualification LTR will contain a description of the
models and correlations and the qualification basis for fuel rod thermal-mechanical
analysis. Comparisons to a wide range of data are provided to document the adequacy of
the models and correlations. These comparisons provide the bases for determining the
model and experimental biases and uncertainties. The contents of the PRIME Model
Descriptionand QualificationLTR are summarized in the following sections.

3.1.3.1

Overview

The PRIME model and computer program has been developed to provide best-estimate
predictions of the thermal and mechanical performance of (U,Gd)0 2 LWR nuclear fuel
rods experiencing variable power histories. The PRIME code has been developed from
the current GNF fuel rod thermal-mechanical licensing basis (GSTRM) code by:
1. Incorporating new models to address specific high exposure mechanisms
identified and quantified since the original development of GSTRM and approval
of GSTRM and its associated application methodology by the NRC,
2. Modifying existing material properties relations to reflect current materials
properties data, including the effects of exposure where appropriate,
3. Incorporating new material properties to expand the applicability of PRIME to
new fuel concepts,
4. Modifying existing submodels to reflect high exposure experimental data that has
become available since the original development of GSTRM, and
5. Incorporation of a thermal transient analysis capability.

3.1.3.2

Material Properties Models

PRIME contains material properties models for cladding elastic/plastic properties,
annealing of irradiation hardening, fuel density, and fuel elastic/plastic properties. New
models (relative to GSTRM) have been incorporated to address specific high exposure
mechanisms including development of a porous pellet rim at high exposure. Existing
materials properties models have been modified to reflect current materials properties
data including the dependency of (U,Gd)0 2 thermal conductivity on gadolinia. Materials
properties have been modified to reflect the effects of high exposure including (U,Gd)0 2
fuel thermal conductivity and (annealed) Zircaloy irradiation growth. New materials
properties have been added to expand the applicability of PRIME including complete
thermal-mechanical properties for additive fuel. Existing submodels have been modified
to reflect high exposure data including the radial power distribution, the pellet relocation
model, and the pellet fission gas release model.
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3.1.3.3

Fuel and Cladding Models

The PRIME code contains models to address the effects of fuel/cladding thermal
expansion, fuel phase change expansion, fuel irradiation swelling, densification,
relocation and fission gas release, fuel-cladding axial slip, cladding creepdown,
irradiation hardening and thermal annealing, pellet and cladding plasticity work
hardening and creep, pellet hot pressing and plastic collapse, and development of a
porous pellet rim at high exposure. PRIME addresses these effects for both steady state
and transient operation, including anticipated operational occurrences (AOOs) such as
short duration pressurization transients (e.g., feedwater controller failure) and reactivity
insertion accidents (RIAs).

3.1.3.4

Numerical Method

PRIME performs coupled thermal and mechanical interaction analyses. The mechanics
solution is based upon the finite element method. For steady state analyses, the thermal
solution is obtained by numerical evaluation of the thermal conductivity integral. For
transient analyses, the thermal solution is obtained from a finite element thermal model
that performs an implicit solution in time.

3.1.3.5

Experimental Qualification

The PRIME LTR will include a detailed description of the results of the qualification of
the PRIME code to an expanded (relative to GSTRM) experimental data base that
includes a significant amount of high exposure data, including fuel temperature data, fuel
rod internal pressure data, and cladding deformation data. Qualification of fuel
temperature, cladding deformation, fuel rod internal pressure, and fission gas release will
be presented for both steady-state irradiations and fast transients.
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3.1.6

Application Licensing Topical Report

The Application LTR for BWROG Stability Limit Analysis that the BWROG is planning
to prepare and submit will be the primary document that will require NRC staff review
and approval. An overview of the planned contents for the application LTR is given in
this section. The subsections are organized to indicate the approximate structure and
minimum content of the application LTR.

3.1.6.1

Introduction

The Introduction will provide a brief overview of the intended application and any
necessary background.
3.1.6.1.1 Purpose
The Purposefor the Application LTR will be clearly stated.

3.1.6.2

Solution Design Philosophy

The solution design philosophy will be described in the Application LTR. The summary
that is given here is based on the best current information at this time and is subject to
change as the program progresses.
The intention of the BWROG is that the solution will not require modification of the
OPRM hardware although software modifications may be necessary. A generic setpoint
for the OPRM system will be determined for all BWRs currently using the stability
Option III licensing approach. The value of the OPRM setpoint will be set low enough to
protect the fuel from failures and prevent changes in fuel rod properties that would
invalidate the design and licensing analyses. Boiling transition for some fuel rods would
be allowed for stability events that had power oscillation magnitudes below the OPRM
setpoint. The solution strategy is to demonstrate that such oscillations do not damage the
fuel and do not cause fuel rod property changes that invalidate the design and licensing
assumptions. The expectation is that the clad temperature responses from power
oscillations at or below the OPRM setpoint will be below those temperatures where
significant fuel rod property changes will begin to occur. Thus a stability licensing limit
for the fuel clad temperature can be defined for all fuel types so that any calculated clad
temperature responses that remain below that limit will ensure that all the SAFDLs are
satisfied and no significant fuel rod property changes occur.
The proposed BWROG program is focused primarily on the development of the stability
licensing limit that allows boiling transition. Nevertheless, the development of the
stability licensing limit will require the evaluation of the current fuel products offered by
three different fuel vendors using vendor-proprietary methods that are demonstrated to be
applicable for this purpose. This will provide independently determined results that the
NRC can review. The BWROG's intention is that vendor proprietary methods and data
not be disclosed but that the stability licensing limit expressed in terms of some
maximum temperature for the fuel cladding be made public.
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3.1.6.3

Solution Description

The solution description will be described in the Application LTR. The elements of this
solution that are known at this time consist of: (1) TRACG system thermal-hydraulic
analyses that determine the domain of channel power/flow responses where the bounding
clad temperatures will occur; (2) single channel thermal-hydraulic calculations for the
limiting channel using proprietary vendor methods but with common system boundary
conditions and uncertainties; (3) fuel rod thermal-mechanical analyses using proprietary
vendor methods. The important biases and uncertainties for each of these calculational
levels will be considered and combined to quantify the overall uncertainty in the
calculated clad temperatures. The upper statistical bound on the calculated clad
temperatures will remain below the stability licensing temperature limit. The OPRM
setpoint will be chosen so that it limits the magnitude of the power oscillations to those
that will not result in the clad temperatures exceeding the stability licensing temperature
limit.

3.1.6.4

Licensing Basis Methodology

The Licensing Basis Methodology will be described.

3.1.6.5

Solution Qualifications and Uncertainties

3.1.6.5.1 Approach
The overall approach is to address each of the applicable technical elements defined by
the Code Scaling, Applicability and Uncertainty (CSAU) evaluation methodology that
was developed by the NRC. The CSAU methodology is documented in the report
Quantifying Reactor Safety Margins: Application of Code Scaling, Applicability, and
Uncertainty Evaluation Methodology to a Large-Break Loss-of-Coolant Accident[3 3" 1.
The CSAU report describes a rigorous process for evaluating the total model and plant
parameter uncertainty for a nuclear power plant calculation. Further details on the CSAU
methodology are contained in the NRC Regulatory Guide 1.157 Best-Estimate
3 "4.
Calculationsof Emergency Cooling System Performance[
The references for the CSAU methodology deal with loss-of-coolant accidents (LOCA)
and, as such, are not specifically required for transient stability analyses. Nevertheless,
the rigorous process defined by the CSAU methodology appears to represent an industry
best practice in how to apply realistic codes and how to quantify the overall model and
plant parameter uncertainty. In general, the process steps in the CSAU methodology are
applicable to other event scenarios such as transients due to anticipated operational
occurrences (AOO) and transient stability events. Some CSAU elements may be
combined with others, but the intent is to show that all elements have been addressed and
that the stated objectives of the CSAU methodology have been satisfied.
The Scenario Specification and the Nuclear Power Plant Selection will define the
application.
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3.1.6.5.2 Requirements and Capabilities
Objective
The modeling requirementsfor the scenario are identified and compared against code
capabilitiesto determine the code 's applicabilityto the particularscenario and to assure
adequate modeling.
3.1.6.5.2.1 Scenario Specification
The transient event scenario is that associated with coupled neutronic/thermal-hydraulic
instabilities that cause the fuel to experience boiling transitions of limited duration. The
limiting scenario will be defined thoroughly in the application LTR
The limiting scenario is expected to be a limit cycle oscillation where the amplitude of
the power oscillation is just below that level which would cause the OPRM system to
initiate a scram. (This program will require that alternate scenarios be evaluated to
confirm that this is the most-limiting scenario.) By definition the decay ratio is precisely
unity for the limit cycle oscillation although it is evident that initial decay ratio was
greater than unity in order for the power oscillation to develop into a limit cycle
oscillation. Even for plants that do not use the OPRM hardware, this scenario can be
analyzed to determine for which initial conditions and which initial decay ratios this type
of limit cycle will develop. It is assumed that this limit cycle oscillation will continue
unabated for 30 minutes.
The domain of core power/flow conditions that produce the postulated, worse-case limit
cycle scenario will need to be determined in order to meet the following key
requirements.
Key Requirements
1. All specified acceptable fuel design limits (SAFDLs: Table 2-1) will be met so
there are no predicted fuel rod failures.
2.

The change in fuel rod properties is negligible from those assumed in design and
licensing analyses so that fuel performance will not be degraded in any significant
way by the instability event.

3.

For Option III plants, the existing OPRM hardware will function without change.
(The need for software changes will be assessed.)

The method used for determining the OPRM signal will result in a correlation between
the highest bundle power oscillation and the OPRM setpoint so that one can determine
the maximum power oscillation that will occur in the limiting channel. It is anticipated
that such a maximum channel power can be bounded. For a limit cycle scenario, the
phase shift between this channel's power and its inlet flow remains constant. The key
assumptions as they are currently known follow.
Key Assumptions
1. A maximum value for the clad temperature can be specified that ensures that the
change in fuel rod properties is negligible.
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2.

3.
4.
5.

6.
7.

Impact of power/flow oscillations from the system analyses can be characterized
and bounded for purposes of determining the domain where temperature
responses will be limiting.
The bounding domain for the system response can be applied for all current fuel
types and can be characterized for use with future designs.
The limit cycle power/flow system responses are the most severe.
e Other scenarios will be evaluated to check this assumption.
Clad temperature rise during the boiling transition can be quantified so that
maximum temperature with its uncertainty is acceptable.
* It is anticipated that the uncertainty associated with the temperature for the
annealing of irradiation hardening and the uncertainty associated with
rewetting are very important.
Overall uncertainty remains low enough that a generic OPRM setpoint that
provides additional operating flexibility can be achieved.
Sufficient data exists (or can be obtained) to validate the models for the intended
application.
* The data needs will be assessed as part of the program.

A plan for validating as many key assumptions as possible as early as possible in the
development program will be generated. This plan will also address risks and
contingencies.
3.1.6.5.2.2

Nuclear Power Plant Selection

The included plant types are BWR/2s, BWR/3s, BWR/4s, BWR/5s, and BWR/6s. Both
jet pump and non-jet pump designs are included. For the jet pump designs, the
recirculation flow control systems include motor-generator designs, flow control valve
designs, and variable speed pump designs.
ABWRs and other non-US internal pump designs could be (and have been) analyzed
using similar techniques but the BWROG is not requesting review and approval for
licensing application to these designs at this time. The ESBWR has been previously
analyzed using similar techniques but the BWROG is not requesting review and approval
for licensing application to the ESBWR at this time.
3.1.6.5.2.3

Phenomena Identification and Ranking (PIRT)

In accordance with the CSAU methodology, important physical phenomena relative to a
particular scenario are identified and ranked by developing phenomena identification and
ranking tables (PIRTs). The rankings themselves are based on the perceived impact of
the phenomena on specified critical parameters and the critical parameters depend on the
application scenario.
Processes and Phenomena
All processes and phenomena that occur during an instability transient do not equally
influence plant behavior. The most cost-efficient, yet sufficient, analysis reduces all
candidate phenomena to a manageable set by identifying and ranking the phenomena
with respect to their influence on the critical safety parameters. The phases of the events
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and the important components are investigated. The processes and phenomena associated
with each component are examined. Cause and effect are differentiated. After the
processes and phenomena have been identified, they are ranked with respect to their
effect on the critical safety parameters for the event.
Ultimately licensing calculations pertaining to stability must demonstrate that the
specified acceptable fuel design limits (SAFDLs) have been satisfied. Thus at some level
of detail in the analyses, the critical parameters will be those that have a strong impact on
the SAFDLs. Many of the (SAFDLs) are strongly related to the minimum thermal
margin or peak clad temperature both of which must be determined using detailed
analyses that focus on a highly localized response. Nevertheless, BWR instability
scenarios are by their nature coupled neutronic/thermal-hydraulic events that require
system analyses in order to characterize the local power, thermal-hydraulic and thermo
These facts suggest that the system response determines a
mechanical conditions.
channel response and the channel response determines the local conditions. The PIRTs
that have been developed for BWR stability analyses reflect this cascading down of
effects from one response to another.
The phenomena identification and ranking tables presented in this document represent a
consensus of BWR fuel vendor and utility expert opinions. It is important to realize that
PIRTs are developed with only the importance of the phenomena in mind and are
independent of whether or not a model is capable of handling the phenomena and
whether or not a model will show a strong sensitivity to the phenomena. For example,
two phenomena may be of high importance yet may tend to cancel each other so that
there is little sensitivity to either phenomenon. Both phenomena are of high importance
because the balance between these competing phenomena is important.
Purposes of PIRTs
PIRTs serve a number of purposes. First, the phenomena are identified and compared to
the modeling capabilities of the codes to assess whether the codes have the necessary
models to simulate the phenomena. Second, the identified phenomena are cross
referenced to the qualification basis to determine what qualification data is available to
assess and qualify the code models and to determine whether additional qualification is
needed for some phenomena. As part of this assessment, the range of the PIRT
phenomena covered in the tests is compared with the corresponding range for the
intended application to establish that the codes have been qualified for the highly ranked
phenomena over the appropriate range.
Finally, the PIRT is used in the application report for a third purpose. Uncertainties in
the modeling of the highly ranked PIRT phenomena are carefully evaluated, and then
combined through a statistical process, to arrive at the total model uncertainty. In this
third stage, one may find that some highly ranked phenomena do not contribute
significantly to the overall uncertainty even when conservative values for the individual
phenomena uncertainties are used. It is at this stage that one can determine how
individual uncertainties influence the total uncertainty so that the greatest effort can be
focused on establishing the uncertainties for those phenomena that have the greatest
impact on the critical safety parameters. These uncertainties will be more fully
developed in the application LTR and their impact on the critical safety parameters will
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be quantified for each of the transient scenarios. Details that are vendor proprietary will
be documented in the vendor LTR or the proprietary supplements to the non-proprietary
Application LTR.
Rankings
The ranking of the phenomena is done on a scale of not applicable to high importance
and falls into the following categories:
High importance (H): These phenomena have a significant impact on the primary safety
parameters and should be included in the overall uncertainty evaluation.
Medium importance (M): These phenomena have insignificant impact on the primary
safety parameters and may be excluded in the overall uncertainty evaluation.
Low importance (L) or not applicable (N/A): These phenomena have no impact on the
primary safety parameters and need not be considered in the overall uncertainty
evaluation.
CriticalParameters
The primary objective for establishing a licensing limit for stability is to ensure that no
predicted fuel rod failures occur and the change in fuel rod properties from those
assumed in design and licensing analyses are negligible so that the fuel can be reused
following the stability event without additional analyses. This implies not only that the
SAFDLs identified in Table 2-1 are satisfied, but that the incremental impact of the
stability event remains relatively small. That is why the critical parameters for the fuel
rod thermal-mechanical analyses are expressed in most cases in terms of changes or
increments to quantities that are already assessed for AOO transient and accident
analyses. The critical safety parameters for the thermal-mechanical analyses of the
BWROG stability limit application are:
1. Change in clad stress-strain curve,
2. Incremental clad strain,
3. Incremental clad fatigue,
4. Incremental clad oxidation,
5. Incremental fission gas pressure (release from pellet),
6. Fuel centerline temperature, and
7. Clad temperature.
These critical parameters are also given in Table 3-5.
It is apparent that these critical parameters (other than the incremental fatigue) are
strongly dependent on the fuel and clad temperatures (see Table 2-1). One can readily
determine that the fuel temperatures themselves are strongly correlated to the clad surface
temperature via the fuel heat transfer parameters. A feasibility study reveals that the
most limiting clad temperature response is determined from the requirement that
significant annealing of irradiation hardening of the cladding will not occur.
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The local temperature response of the cladding is the critical output parameter from the
single channel thermal-hydraulic analyses (see Table 3-4). If nucleate boiling is
maintained, the cladding surface temperature will remain fairly close to the fluid
saturation temperature; thus, for this case, it is convenient to characterize the amount of
margin to boiling transition as the thermal margin rather than clad temperature. Thermal
margin greater than unity implies that the fuel rod is not in boiling transition and thermal
margin less than unity implies that a fuel rod is in boiling transition. It is presumed that
use of only thermal margin and/or peak clad temperature is sufficient since it
encompasses the local fluid and heat transfer characteristics. Local conditions from the
single channel calculations (and uncertainties) will be used in the fuel rod thermal
mechanical analyses. The interfaces between the single channel analyses and the fuel rod
thermal-mechanical analyses will be separately addressed by each fuel vendor.
The channel power/flow conditions and uncertainties that are used by the single channel
analyses will be provided as functions of time along with the other quantities identified in
Table 3-6. The intent is that the single channel analyses performed by the various fuel
vendors will be driven by the same boundary conditions and uncertainties that are
provided by generic system analyses that bound all plant types and fuel types.
Thermal margin and/or peak clad temperature (PCT) is also a critical parameter for the
system thermal-hydraulic analyses since it will be needed for purposes of identifying the
domain of potentially limiting conditions. The critical parameters for the system stability
analyses focus on characterizing the fuel thermal margin and temperature responses as
they relate to the power and flow oscillation characteristics such as amplitude and
frequency. The critical safety parameters for the system thermal-hydraulic analysis of the
BWROG stability limit application are:
1. Thermal margin and/or peak clad temperature (PCT), and
2. Power oscillation amplitude and/or frequency.
These critical parameters are those indicated in Table 3-1. The phenomena in Table 3-1
have been ranked relative to how they impact these critical parameters for the system
analyses. The phenomena are discussed further in the next subsection starting with the
system analyses and working down to the fuel rod thermal-mechanical analyses.
Discussion of the PIRTs, Initial Conditionsand Interfaces

An inclusive list of BWR phenomena gathered from prior transient, LOCA, and stability
analyses of BWR systems has been constructed. The complete list is contained in Table
3-1. This list has been reviewed by the subject-matter experts and modified to reflect
how these phenomena pertain to the intended application of stability analyses where
boiling transition will be allowed. Note that for the intended stability analyses, many of
the LOCA phenomena and other phenomena outside the core are either not applicable or
have relatively low importance. Where necessary, new relevant phenomena that apply
uniquely to stability analyses have been identified and included. The critical parameters
and the rankings in Table 3-1 are specific to the system analyses for BWR/2-6 instability
transient responses for the BWROG stability limit application. As the table indicates, the
system thermal-hydraulic analysis will be evaluated for the two most common modes of
reactor instability: (1) core-wide and (2) regional. For each mode, the phenomena are
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listed and ranked for each major component in the reactor system. The phenomena for
thermal-mechanical analysis will be evaluated for the two regimes to consider for reactor
instability: (1) nucleate boiling and (2) post boiling transition (BT) heat transfer. For
each regime, the phenomena are listed and ranked for the fuel rod/pellet.
The calculated system responses for power, flow, axial power shape, inlet enthalpy, etc.
(see Table 3-6) will be determined as the oscillations develop and progress with time.
The interaction between many variables and the temperature response must be addressed
in order to understand the domain of the problem. To facilitate the development of the
response surface and the uncertainties associated with its determination, a number of
derived core stability parameters that are known to be of high importance (see Table 3-2)
will be used in characterizing the system calculations. The objective is to determine the
response surface and identify the set of conditions or range of conditions that are limiting
relative to their impact on the specified acceptable fuel design criteria. The derived
parameters in Table 3-2 will be used to determine that part or parts of the overall domain
where more detailed thermal-mechanical analyses are needed.
Because of the complex system interactions, a large array of initial conditions must be
assessed to determine how they impact the system responses. The initial conditions to be
addressed in the system analyses are identified in Table 3-3. The perceived importance
ranking of these initial conditions on the system critical parameters is indicated in Table
3-3. Sensitivity studies will be performed to confirm that the perceived rankings for the
initial conditions are valid. Using the modified rankings (as confirmed), a plan will be
developed for either bounding or characterizing the range of those initial conditions that
remain of high or medium importance.
The calculated system responses for power, flow, axial power shape, inlet enthalpy, etc.
for the limiting condition or ranges of conditions will be the primary output of the system
analyses (see Table 3-6). The uncertainties associated with determining these parameters
will be used to determine what range of conditions need to be evaluated in more detail.
Some thermal mechanical codes for assessing fuel rod performance may be able to
directly use the nodal, hot-channel outputs from the system analyses whereas others may
require a separate single-channel code to calculate the local conditions needed by their
detailed fuel rod thermal-mechanical analyses.
For cases where a separate single-channel calculation is needed, the core phenomena
listed in Table 3-4 should be considered as well by the single-channel code. Note that
these phenomena and their rankings are the same as the core phenomena given in Table
3-1 for the system analysis except that phenomena that are not relevant to the single
channel calculation have been deleted. Table 3-4 serves as a reminder that use of a
separate single-channel introduces additional uncertainties and biases that are specific to
that code and must be quantified relative to that particular code's capabilities and
qualification bases. As a general rule, the phenomena that have the higher ranking must
have a more rigorous determination of the biases and uncertainties associated with those
phenomena.
The initial conditions and boundary conditions that are used as inputs to the single
channel calculation are given in Table 3-6. The uncertainties associated with these
interfaces to the system calculation are determined from the system analyses and are
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specified in one of three ways based on the results of the system analyses: (1) a bounding
value for the limiting case, (2) a range of values that cover the application range wherein
the limiting case is contained, or (3) a nominal value and its associated uncertainty. The
intention is that the uncertainties associated with the system analyses be cascaded down
into the single-channel and detailed thermal-mechanical analyses so that the overall
uncertainty of the critical parameters to be measured against the SAFDLs can be
assessed.
Table 3-5 lists the phenomena that are relevant for the detailed fuel rod and pellet
thermal/mechanical analyses. Subject-matter experts concur that these phenomena must
be considered and have agreed to a perceived ranking of the relative importance of these
phenomena as they pertain to fuel rod and pellet thermal/mechanical analyses under
oscillatory channel power/flow conditions.
The detailed fuel rod and pellet
thermal/mechanical analyses will be driven using the calculated transient outputs and
associated uncertainties either from the single-channel code or the limiting-channel
response from the system analyses.
Some phenomena from the system analyses and the single-channel are also relevant to
the detailed fuel rod and pellet thermal/mechanical analyses. For these phenomena the
ID code in Table 3-5 is the same as what was used in Table 3-1 and Table 3-4. Similarly,
initial conditions (ICs) that were previously identified in Table 3-3 use the same ID code
in Table 3-5. It is obvious that some fuel rod phenomena depend on the integrated axial
response. For example, clad strain depends on internal fission gas pressure, which
depends on the axially integrated release of fission gas. Other phenomena related to
specific pellets can be characterized locally so that an analyses of the limiting pellet is
sufficient given some knowledge of the initial axial power shape and its change with time
and the local conditions that impact heat transfer to the fluid. It is beyond the scope of
this document to specify how the phenomena are addressed by particular vendors. These
details are reserved for the proprietary model description documents that each vendor will
supply to support their detailed thermal/mechanical analyses and its interfaces with the
channel calculations.
Table 3-5 also lists additional phenomena that are addressed in more detail in the fuel
rod/pellet analyses than in the system analyses. These additional phenomena are
indicated by "TM#" in the first column of the table. This should not be construed to
imply that the phenomena are ignored in the system analyses. For example, fission gas
release (TM2) and pellet thermal expansion/contraction (TM4) are reflected in the gap
conductance model (C3CX of Table 3-1) that was used in the system analyses. The
distinction in how phenomena are considered and ranked depends on which critical
parameters are being evaluated. For the system analyses, the critical parameters are those
needed to characterize the response surface so that the limiting conditions can be
determined. For the detailed analyses, the critical parameters all are related to the
determination that the SAFDLs have been met.
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AND RADIAL
POWER
DISTRIBUTION)

M

H

H

1,2

ClEX

ELAYED NEUTRON FRACTION

H

H

H

2

OF FIRST HARMONIC
ClFX SUBCRITICALITY
MODE

N/A

H

H

2

H

H

H

1,2

C1CX SCRAM REACTIVITY

C2AX INTERFACIAL SHEAR

C2BX SUBCOOLED BOILING

H

H

H

1,2

due
to void fraction
Determines
forward change.
loop "gain" for Yes
void perturbations
Determines reactivity and power
Yes
due to fuel temperature change.
Evaluation of pre-scram scenario
Power distribution from 3D
reacbvity distribution affects total
power,
hot region
power,3 axial
power shape
and CPR.
D effects Yes
pnmarily important for regional
evaluations.
Improves
stability by reducing
prompt gain
Neutronics "damping" offsets
thermal hydraulic gain for regional
mode
Determines void fraction which
affects void reactivity and void
propagation - contributes to C10
Determines void fraction for
subcooled boiling. Void initiation
determines boiling boundary and
two-phase region. Contributes to

Yes Dependent on exposure.
Yes Dependent on core design.

No

No

C10

C3AX PELLET HEAT DISTRIBUTION

M

M

M

1,2

Affects fuel rod power,
temperature and surface heat flux. Yes
Determines effective fuel time
constant.

C3BX PELLET HEAT TRANSFER PARAMETERS

H

H

H

1,2

Affects fuel rod power,
temperature and surface heat flux. Yes
Determines effective fuel time
constant.

Affects fuel rod power,
C3CX GAP CONDUCTANCE

H

H

H

12

temperature
and surface
Determines effective
fuel heat
time flux Yes
constant

C3DX DIRECT MODERATOR HEATING

M

M

M

1,2

C3EX FUEL THERMAL TIME CONSTANT

H

H

H

1,2

Affects channel voiding and
amount of power to be deposited
in the fuel
Affects fuel rod power,

Expected to change very
Yes ittle with fuel or core
changes.

temperature
and surface
Affected
by C3AX,
C3BX,heat
and flux. Yes Varies by fuel type.
C3CX

C1

C
NUCLEATE BOILING WALL HEAT
TRANSFER

Is not the imiting resistance.
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TABLE 3-1:
PIRTfor System
Thermal/HydraulicAnalyses of

•

1.Thermal Margin and/or
PCT

."-

Stability Phenomena
(0
.
o~

PHENOMENA DESCRIPTION

0
L

L

L

L

L

N/A

NIA

NIA

C5SEO INLET UNCOVERY VAPOR FLOW
SPLIT
EQ

N/A

NIA

NIA

C6 CCFL / CCFL BREAKDOWN: SEO

NIA

NIA

N/A

C7 rCFL I CCFL BREAKDOWN. UTP

L

L

L

H

H

H

L

L

L

ARALLEL CHANNEL FLOW DISTRIBUTION- N/A
C
BLOWDOWN

N/A

N/A

H

UBCOOLED BOILING WALL HEAT

design,fuel type, or
plant type?

:,=

Controls stability margin/ growth
rate of perturbations which for this

Comments on dependency
of phenomena to core

0

application is assumed to be a limil

design, fuel type, plant

cycle oscillation (i.e., DR=1.0)
Is not the limiting resistance.

L

C2

be affected by core

2. Power Oscillation
Amplitude/Frequency

~

""0a
ID REGION or

E'Can Phenomenon

Controlled by heat flux, flow,
E pressure,
-- Powerand
inlet subcooling.
oscillations
P oscillations
L- - Row

.. '

cc' J-d
-M

design.
No

RANSFER
Dynamic vanation not as important
C3 VARIABLE GAP CONDUCTANCE

C4

C8

FLASHING

ULTIPLE CHANNEL EFFECTS (VOID,

1,2

FLOW, POWER, AXIAL SHAPE)
C8X VOlD COLLAPSE
C9

C10

OIOlD DISTRIBUTION, AXIALLY AND
OETWEEN CHANNELS

H

H

C11

UNDLE-BYPASS LEAKAGE FLQW

H

H

C12 C2
ATURAL CIRCULATION FLOWS
Amargin.

H

H

H

1,2

C13 DRYOUT / BOILING TRANSITION

H

H

H

1

C14 FILMBOILING/LOWVOIDIDNB

M

M

C15 FILM BOILING / HIGH VOID IFILM DRYOUT

H

H

H

L

L

L

L

L

L

C16

HERMAL RADIATION

C17 STEAM COOLING
C18

TEMPERATURE)
(MINIMUM STABLE FILM BOILING
C19X TMIN

C20 REWETTING BASED ON QUALITY

C
1ONDUCTION

FI

CONTROLLED REWETTING

N/A

N/A

H

M

N/A

H

Lower plenum remains full. No
flashing.

No

No ECCS in stability evaluation,
but CCFL may occur at UTP for
some low-flow scenarios.
Affects channel flow and thermal
margin.
Affects vapor generation.
Insignificant for stability pressure
rates.
Pertains to LOCA.
Determines void fraction, which
affects fluid volume, void reactivity
and power. Also covered In B6.

Affects channel flow and thermal

No
No

No
Yes
No
No

No
Yes
Yes

Important for determining thermal Yes Uncertainty In predicting BT
depends on fuel type.
margin.
1
Post-BT heat transfer impacts clad No
I temperature.
1 Post-BT heat transfer impacts clad No
temperature.
Post-BT heat transfer impacts clad

HH____TMINmpactstheabhtyt
1
H
H
H

H

No

1.2 Affects channel flow, voids and
margin.
Ethermal

ee thermalmechanical PIRT.

LAD STRAIN

C19 SPRAY COOLING

C21

H

l

1,2

time
value
of fuel to
as
absoluteNot
change
expected
constant.
significantly during event.
Affects vapor generation.
Insignificant for stability pressure
rates
Lower plenum remains full. No
flashing

1

Radiative heat
temperature.
transfer remains low for
temperatures below TM IN.
No uncovenng

No

Cladding strain not a significant
parameter for the T/H response.

No Evaluated by thermal
echanical analyses.

No ECCS actuation.

No

rewet
No
TMIN impacts the ability to rewet._____No_
Impacts heat transfer mode.

For stability events the rewet is
L
by the boiling curve.
I L IW-rNcontrolled
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TABLE 3-1:
PIRTfor System
rherinalEHydraulcAnalysesof

1. Thermal Margin and/or
.

""-~
-

yPhenomnena

",

ta

it-

Phenomenon
core
be affected
or
type,
fuelby
design,

2. Power Oscillation

plant type?

PFlow oscillations

"m• "

0

•

"

.O
6)

PCTCan
pressure,
and inlet subcooling.
-Power oscllations
Controlled by heat flux, flow,

Amplitude/Frequency
Controls stability margin/ growth

Wrate

Comments on dependency

of perturbations which for this
application is assumed to be a limit
cycle oscillation (i.e, DR=I.0)

of phenomena to core
design, fuel type, plant
design.

ID REGION or
PHENOMENA DESCRIPTION

0"

C22

L

L

L

C23 WATER ROD I BOX/ CROSS HYDRAULICS

M

M

M

1,2

C24 CORE PRESSURE DROP

H

H

H

1,2

C25 DECAY HEAT

L

L

L

Insignificant
forpower.
stability, small
fraction
of fuel

No

C26 METAL-WATER REACTION

L

L

L

Not significant at PCTs below

1150 K

No

HANNEL-BYPASS HEAT TRANSFER

Convective heat transfer
insignificant.
Possible water rod voiding at lows
Ieflows
Affects channel flow and thermal
margin.

No

Y
Yes

D1

FLASHING / REDISTRIBUTION

N/A

N/A

N/A

Guide tubes remain full No
flashing

No

D2

CCFL: TOP OF GT

N/A

N/A

N/A

Guide tubes remain full No
flashing.

No

D3 FONDENSATION

N/A

N/A

N/A

Guide tubes remain full No
1flashing

No

D4 REFILL

N/A

N/A

N/A

Guide tubes remain full No

No

D6 GT-LP LEAKAGE

L

L

L

Small compared to other flows

No

D7 PRESSURE DROP

L

L

L

Insignificant

No

N/A

N/A

N/A

No break for stabilty.

No

M

M

M

12 Water level affects natural

Yes

N/A

N/A

N/A

E

RECIRC SUCTION BREAK UNCOVERY
WO-PHASE BREAK FLOW

E2

VOID PROFILE /TWO-PHASE LEVEL
(TRANSIENT)

E3

ECCS INTERACTION / CONDENSATION

E4
E5

D EFFECTS (E.G., FEEDWATER MIXING)
HEAT SLABS STORED ENERGY RELEASE

L
L

L
L

1

flashing.

circulation flow.

ependent on plant type.

No ECC injection for stability (only No
for LOCA)

Caused by asymmetric feed water
or
recirculation
conditions
Notflow/temperature
evaluating for

L

stability
Insignificant for stability pressure

L

No
No

rates.
Insignificant for stability pressure

rates. This event does not include
E6

FLASHING / CONDENSATION

N/A

N/A

N/A

mitigating actions where the water

No

level is lowered below the feed
water sparger.

E7
E8

F1

FEEDWATER SPARGER
E7NCOVERY/CONDENSATION
ISOLATION CONDENSER INTERACTION

OlD DISTRIBUTION/ TWO-PHASE LEVEL

N/A

N/A

N/A

N/A

N/A

N/A

M

M

M

Sparger does not uncover
Isolation condensers not activated
for stability events.

1,2
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Affects natural circulation flow

No
No

Yes Depends mainly on total
Iower and flow
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1. Thermal Margin and/or

TABLE 3-1:
PIRTfor System
Thermnal/HydraulicAnalysesof

4-)
-

M

.-

11
c

L.

PCT

PCT by heat flux, flow,
I- Controlled

Can
Phenomenon
by core
affected
be

4) pressure, and inlet subcooling
-

StabilityPhenomena

Power oscillations

fuel type, or

-design,

"",
D

""

rq

CL

.c

CM

c
•o

plant type?

2. Power Oscillation
Amplitude/Frequency
Controls stability margin/ growth
rate of perturbations which for this
application is assumed to be a limit
cycle oscillation (Ie., DR=I.0)

Comments on dependency
of phenomena to core
design, fuel type, plant
design.

ID REGION or
PHENOMENA DESCRIPTION

a-

CC INTERACTION I MIXING/ SUBCOOLING
F2 FDISTRIBUTION

N/A

N/A

N/A

Not applicable for stability (only for No
LOCA).

F3 CONDENSATION/AIR
F4 PRAY DISTRIBUTION (Uncovered Upper

N/A
N/A

N/A

applicable for stability (only for No
Not
LOCA).

N/A

N/A
N/A

M

M

M

L

L

L

M

M

M

M

M

M

G5 _PCI CONDENSATION INJET PUMP

N/A

N/A

N/A

FWO-PHASE FLOW COMBINATIONS:
G-26 UCTION/DRIVE

N/A

N/A

NIA

M

M

M
M

Not applicable for stability (only for No
LOCA).

_lenum)

G1

(lT PUMP CHARACTERISTICS
flow, pressure drop, M/N ratio)

G2 JP CHARACTERISTICS / COASTDOWN

G3
G4

Hi

P CHARACTERISTICS I REVERSE FLOW
FOLLOWING
FLOW COASTDOWN
ECIRCUATION PUMP TRIP

PUMP CHARACTERISTICS STEADY STATE

/ICOATDON
COASTDOWN
H2 PUMP CHARACTERISTICS
H2 =MPHARCTEISTCS
H3 PUMP TWO-PHASE DEGRADATION
1PUMP PRESSURE DROP
H4

Affects total core flow. Jet pump
resistance affects core stability
response.

4ot sensitive to fuel products
Yes )ecause of similar dP. May
)e affected by jet pump type.

Affects total core flow. Jet pump
resistance affects core stability
response.

No

4ot sensitive to fuel products
Yes )ecause of similar dP. May
)e affected by jet pump type.
'4ot sensitive to fuel products
Yes )ecause of similar dP. May
1,2 Impacts core flow.
)e affected by jet pump type
IM
Not applicable for stability (only for No
LOCA).
No
No flashing for stability.
1,2

Flow reversals occur for SLO.

1,2

Affects jet pump and total core
flow. (Mfor min pump speed)

Yes
Ye

epends on plant type.

M

M
M

M
M

1,2 Affects jet pump and total core
1,2flow

Yes

)epends on plant type.

N/A
M

N/A
M

N/A
M

1,2

No flashing for stability.
Affects jet pump and total core
flow. (Mfor min pump speed)

No
Yes

epends on plant type

1,2

subcooling, void
Affects
power.
and inlet
fracton core

Yes

epends on plant type.

II

SEPARATOR CHARACTERISTICS:
ARRYUNDER

M

M

M

12

SEPARATOR LIA

L

L

L

H

H

H

L

L

L

L

L

L

13 LEPARATOR PRESSURE DROP

1,2

1,2

Separator inertia does not have a
strong impact on core stability
evaluation.
Affects total core flow and level.
Separator pressure drop affects
core stability evaluabon.

No

Yes

J DRYER
JI

DRYER CHARACTERISTICS

J2

PRESSURE DROP

CARRYOVER

Major concern is
turbine protection.
I Insignificant.
Small impact on level response.
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__epndopantpe

No
No

epends on plant type.
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TABLE 3-1:
PIR Tfo rSystemz

Tlhermnal/-IydraulicAnalyses of

Stability Phenomena

Margin and/or
1. Thermal
PCT

>%.

PCTomno
PI fryte• Controlled
by heat flux, flow,
E pressure, and inlet subcooling.
M" _dsin- Power oscillations
Labilit3Phenneiza
Cf
.•

C/
cu

.
0)

ID REGION or
PHENOMENA DESCRIPTION
iu.
K1

0

•
0)

E

HEATSLAB STORED ENERGY

u..

Lrates
L
L

plant type?
Comments on dependency
of phenomena to core
design, fuel type, plant
design.

Insignificant for stability pressure

No

L

Insignificant for stability pressure
rates

No

Insignificant for stability.

No

for stability
for stability
for stability.
for stability.

No
No
No
No

K2 CONDENSATION ONWALLS
K3

PRESSURE DROP

L

L

L

L
L2X
Li
L2
L3,
L1X

STEAM LI.
ACOUSTIC EFFECTS / GEOMETRY
CRITICAL FLOW
DROPLET ENTRAINMENT
PRESSURE DROP

L
L
L
L

L
L
L
L

L
L
L
L

M1

CRITICAL FLOW

N/A

N/A

N/A

M2 FLASHING

N/A

N/A

N/A

Not
applicable for stability (only for No
LOCA).
No
No flashing for stability.

M3 CCFL: AIR IN/TWO-PHASE FLOW OUT

N/A

N/A

N/A

Not
applicable for stability (only for No
LOCA).

L

L

L

Temperature transients not
considered for stability.

No

L

L

L

Minor effect on core flow.

No

Minor effect on core flow.
Pertains only to LOCA

No

.

M5 TEMPERATURE DISTRIBUTION
M7

SYSTEM INERTIA

_PCI/BREAK FLOW INTERACTION

P

MG PERFORMANCE

02

ISOLATION CONDENSER CAPACITY

Q5

SECONDARY SIDE HEAT TRANSFER

R1

FLOW DYNAMICS

Insignificant
Insignificant
Insignificant
Insignificant

L

L

L

N/A

N/A

N/A

M

M

M

N/A

N/A

N/A

N/A

N/A

N/A

L

L

L

Oscillations in FW flow could
supenmpose additional
perturbation. Feedwater flow

L

Affects core inlet subcooling, void
fraction and power. Feedwater
temperature transient is slow for

M8 PRESSURE DROP
M9

a Phenomenon
Can
be affected by core

design, fuel
ueItyp e,or

M,
- Flow oscillations
a- 2. Power Oscillation
"c
Amplitude/Frequency
z,- Controls stability marginl growth
rate of perturbations which for this
application is assumed to be a limit
cycle oscillation (ie., DR=1.0)

0

-'i.ifI.

?~
f
"

1,2

Q5

No

Not a factor in stability scenanos at
Yes Handled by adjusting recirc
natural circulation but can affect
pump coastdown (H2).
the coastdown which impacts the
initial growth of the oscillation.

condensers
Isolation
for stability
events. not activated

No

~Isolation condensers

N

not activated
foratilt
eventsNo
for
stability events.

transients are slow for stability.

L

TEMPERATURE DYNAMICS
R

L

R3
I_

_stability.
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Table 3-2

PIRT of Derived Core Stability Parameters for System
Thermal/Hydraulic Analyses of Stability Phenomena
1. Thermal Margin and/or

ABLE 3-2:
of Derived Core Stability
System
Parametersfor
TemU)
ThenalblydraulicAnalyses of
Stability Phenomena

4W

a)

C
S .•t

CS2 RATIO OF HOT BUNDLE POWER TO
BUNDLE FLOW

E
ccu- E

'

ID PHENOMENA DESCRIPTION

TIO OF CORE POWER TO CORE FLOW

'
*.

r
a)

CS1

V

"IRT

H

H
H1

H

H

H

H

.9

0

PCT by heat flux, flow,
Controlled
pressure, and inlet subcooling
oscillations
- Power
Flow oscillations
2. Power Oscillation
Amplitude/Frequency

Controls stability margin/ growth
rate of perturbations which for
this application Is assumed to be
a limit cycle oscillation (i.e.,
DR=1.0)

C-Can Phenomenon
be affected by core
or
type,
design, fuel
or
t
f
d
plant type?
Comments on dependency
of phenomena to core
design, fuel type, plant
design

Will likely do sensitivities on
3etermines core quality; known to
individual parameters. Will
:e key parameter for core stability.
1,2 This parameter primarily depends Yes possibly use derived
the parameters that determines
CTn
parametersin determining
'he core flow (CIDX, C2AX, C12,
13)
324, E2, F1, G1, G7, I1 and
Determines hot bundle quality;
Will likely do sensitivities on
,nown to be key parameter for
ýhannel stability. This parameter
individual parameters. Will
Yes possibly use derived
1,2 :)rimarily depends on the
possiblyruse derived
arameters that determine the hot
parameters in determining
:hannel flow (CIDX, C2AX, C8,
Z;12, C24, E2, F1, G1, G7, I1and

3)

H

H

H

1,2

CS4 RATIO OF HARMONIC SUBCRITICALITY TO
DELAYED NEUTRON FRACTION

N/A

H

H

1,2

TO SINGLE-PSE
RATIO OF TOPASE
CS5 PRESSURE
DROP

H

H

H

1,2

CS3 RATIO OF FUEL TIME CONSTANT TO FLOW
TRANSIT TIME

3-29

:)etermines phase lag and gain
Will likely do sensitivities on
lue to fuel rod heat transfer. This
individual parameters. Will
)arameter primarily depends on
:he parameters that determine the Yes possibly use derived
ore flow (Cl DX, C2AX, C12,
parameters in determining
::24, E2, F1, G1, G7, I1and 13)
3nd fuel heat transfer parameters
C3AX, C3BX, C3CX, Cl and C2)
Will likely do sensitivities on
Determines neutronic damping to
Individual parameters. Will
)e overcome by thermal hydraulic
Yes possibly use derived
gain for regional mode. This
parameters in determining
arameter Is the ratio of C1FX to
correlation.
.31EX
Determines thermal hydraulic
Will likely do sensitivities on
tabihity. This parameter pnmarly
Individual parameters. Will
epends on the parameters that
Yes possibly use derived
the distribution of
etermines
annel pressure drop (C24 whichdetermining
correlation.
nsist of wall friction and form
osses in the SEO, LTP, spacers
rnd UTP)
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Table 3-3

Initial Conditions for System ThermatlHydraulic Analyses
1. Thermal Margin and/or
PCT

TABLE 3-3:
.-

ThermaL/HydraulicAnalyses of
Stability Phenomena

-

:2

E

W

CU

t"

a

U)

.~

INITIAL CONDITION

o

?.

- .2 U
""
0
.2)
-

.

-

fuel type, or

Flow oscillations

plant type?

2. Power Oscillation
Amplitude/Frequency
controls stability margin/ growth
rate of perturbations which for
this application is assumed to be
a limit cycle oscillation (I e.,

Comments on dependency
of phenomena to core
design, fuel type, plant

DR=1 0)

__

IC1

TOTAL CORE POWER

H

H

H

1,2

IC2

TOTAL CORE FLOW

H

H

H

1,2

Power/Flow ratio is more
important than individual
quantities
Power/Flow ratio is more
important than individual

design.

Yes
Yes

quantities

1C3

FEEDWATER TEMPERATURE

H

H

H

IC4

STEAM DOME PRESSURE

L

L

L

IC5

INITIAL DOWNCOMER WATER LEVEL

M

CORE SIZE

M

1,2
12

Not expected
to be
sensitiverange
to
Yes
initial
water level
in normal

106

M
M
COEZH
H
H

H

1,2

mode

107

CORE
LOADING PATTERN AND CORE
EXPOSURE

H

H

H

1,2

Affects core nuclear parameters

Yes

IC8
IC9

CORE AXIAL POWER DISTRIBUTION
HOT CHANNEL AXIAL POWER

H
H

H
H

H
H

1,2
1,2

Affects oscillation characteristics
Affects oscillation characteristics

Yes
Yes

H

H

H

1,2

Affects bundle power, oscillation
characteristics. Includes control

Yes

1,2

Controls core inlet sub cooling

Yes

Not significant in operating range Yes
Affects subcnticality of harmonic

DISTRIBUTION

IC10

RADIAL POWER DISTRIBUTION

rod patterns.

LOCAL PEAKING IN HOT BUNDLE

I011

H

H

H

1,2

Affects thermal margin/rod

Yes

heatup in hot bundle.

IC12

CONTROL ROD PATTERN

H

H

H

1,2

Effects are through power
distnbution. Affects axial and

Yes

radial power distnbution

HOT BUNDLE EXPOSURE

IC13

M

M

I

M
I

1,2
I

Affects core nuclear parameters

Yes

in limiting region

IC14

PEAK PELLET EXPOSURE

L

L

L

Bundle exposure effects more

1015

INITIAL MCPR

H

H

H

1,2

Govems margin to BT during

Yes

IC16
IC17

XENON CONDITION
SURFACE SCALE (CRUD AND OXIDE)

M
M

M
M

M
M

1,2
1,2

Affects core nuclear parameters
Affects fuel time constant

Yes
Yes

important
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oscillations

"Canquantity be

affected by core

S""*•design,
= Power oscllations

--

~

ID

Controlled by heat flux, flow,
S pressure, and inlet subcooling
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Table 3-4

PIRT for Single-Channel Thermalydraulic Analyses

,

TABLE 3-4:
Thermal/f

n
Stability Phenomena

of

*d.aAy

a U

.-

-2.

-

0

0 •-

C2AX INTERFACIAL SHEAR

H

H

H

1

C2BX SUBCOOLED BOILING

H

H

H

1

ID

Phenomenon
*(-Can
be affected by core

Controlled by heat flux, flow,
I.

ID

?

PCT

E

c

w

ydraulicAnalyses of

q 1. Thermal Margin andlor

fupelyeo
desigplnt type?
plant

pressure, and inlet subcooling.
-

Power oscillations
Flow oscillations

Comments on dependency

of phenomena to core

design, fuel type, plant
I_design.

0

PHENOMENA DESCRIPTION
Determines void fraction which
affects pressure distribution and
heat transfer. Contributes to C1 0.
Determines void fraction for
subcooled boiling Void initiation
determines boiling boundary and
two-phase region. Contributes to

No

No

CI0.
C3AX PELLET HEAT DISTRIBUTION

M

M

M

1

Affects fuel rod temperature and
surface heat flux. Determines
effective fuel time constant

Yes

C3BX PELLET HEAT TRANSFER PARAMETERS

H

H

H

I

Affects fuel rod temperature and
surface heat flux. Determines
effective fuel time constant

Yes

C3CX GAP CONDUCTANCE

H

H

H

1

Affects fuel rod temperature and
surface heat flux Determines
effective fuel time constant

Yes

C3DX DIRECT MODERATOR HEATING

M

M

M

1

H

H

I

Affects channel voiding and
amount of power to be deposited
in the fuel.
Affects fuel rod temperature and
surface heat flux. Affected by

Expected to change very
Yes little with fuel or core
changes
Yes Varies by fuel type.

C3EX

FUEL THERMAL TIME CONSTANT

H

C1

WALL HEAT
NUCLEATE
TRANSFER BOILING

L

L

L

Is not the limiting resistance.

No

C2

BOILING WALL HEAT
SUBCOOLED
TRANSFER

L

L

L

Is not the limiting resistance.

No

C3

VARIABLE GAP CONDUCTANCE

L

L

L

C4

FLASHING

N/A

N/A

NIA

C5

SEO INLET UNCOVERY I VAPOR FLOW
SPLIT

C6

CCFL I CCFL BREAKDOWN: SEO

N/A

N/A

NIA

C7

CCFL / CCFL BREAKDOWN: UTP

L

L

L

C8

MULTIPLE CHANNEL EFFECTS (VOID,
FLOW, POWER, AXIAL SHAPE)

N/A

N/A

N/A

C3AX, C3BX, and C3CX

NIALower

Dynamic variation not as Important
No
as absolute value of fuel time
constant. Not expected to change
significantly during event.
Affects vapor generation.
No
Insignificant for stability pressure
rates.
No
plenum remains full. No
flashing
Lower plenum remains full. No

No

flashing
No ECCS in stability evaluation,
No
but CCFL may occur at UTP for
some low-flow scenarios.
These effects are determined from
Yes
the system calculation and are
supplied as Inputs to the single
channel calculations.

C8X

VOID COLLAPSE

L

L

L

C10

VOID DISTRIBUTION, AXIALLY

H

H

H

Affects vapor generation.
Insignificant for stability pressure
rates.
Determines pressure distnbution
and heat transfer.
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TABLE 3-4:

PIRTfor Single-Channel.0

Therinal/HydraulicAnalyses of
Stability Phenomlena

-

%
S2 ",
m

iy P oU)

.

E

PT
6 1. Thermal
Margin and/or
PCT
E
M,
Controlled by heat flux, flow,

a
Mr
n•

1
--

.U

ID

PHENOMENA_

Cl1

DESCRIPTION
DESCRIPTION

BUNDLE-BYPASS LEAKAGE FLOW

?

desgn
ful-eo
pln
ye

plant type?

pressure, and inlet subcooling
- Power oscillations

- Flow oscillations

Comments on dependency
of phenomena to core
design, fuel type, plant

0
MI(0PHENOMENA
-

H

H

H

E'Can Phenomenon
be affected by core

design.

1

Affects active channel flow, voids
and thermal margin. System
analyses
will provide
the flow
at
the SEO and
the pressure
at the

Yes

bottom of the bypass above the
core support plate.

C13
C14
C15

I

Yes Uncertainty in predicting BT
I depends on fuel type.

DRYOUT/ BOILING TRANSITION

H

H

H

1

Important for determining thermal
margin

FILM BOILING / LOW VOID ! DNB
FILM BOILING / HIGH VOID / FILM DRYOUT

M
H

M
H

M
H

1
1

Post-BT
heat transfer impacts clad No
temperature.
Post-BT heat transfer impacts clad No
temperature.

C16

THERMAL RADIATION

L

L

C17

STEAM COOLING

L

L

Post-BT heat transfer impacts clad
temperature. Radiative heat
No
transfer remains low for

L

temperatures below TMIN

L

No uncovering.

No

Cladding strain nota significant
parameter for the T/H response.
No ECCS actuation.

No Evaluated by thermal
mechanical analyses.

C18

CLAD STRAIN

See thermalmechanical PIRT.

C19

SPRAY COOLING

N/A

N/A

N/A

TMIN (MINIMUM STABLE FILM BOILING
TEMPERATURE)

H

H

H

1

TMIN impacts the ability to rewet.

No

C20

REWETTING BASED ON QUALITY

H

H

H

1

Impacts heat transfer mode.

No

C21

CONDUCTION CONTROLLED REWETTING

L

L

L

No

C22

CHANNEL-BYPASS HEAT TRANSFER

L

L

L

For stability events the rewet is
controlled by the boiling curve.
Convective
insignificant.heat transfer

C23

WATER ROD! BOX/ CROSS HYDRAULICS

M

M

M

C24

CORE PRESSURE DROP

N/A

N/A

N/A

C19X

1

No

No

Possible water rod voiding at low Yes
flows
Inlet flow and enthalpy at the SEO
will be specfied from the system
analyses along with the pressure

Yes

in the upper plenum

C25

DECAY HEAT

L

L

L

C26

METAL-WATER REACTION

L

L

L

Insignificant for stability, small

No

Not significant at PCTs below
1150 K

No

fraction of fuel power.
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PIRT and Initial Conditions for Fuel Rod / Pellet
Table 3-5
Thermal/Mechanical Analyses Subject to Core Stability Phenomena
Critical Parameters
1
TABLE 3-5:
and Initial Conditionsfor

"elRod/Pellet
Tlhernal/MechanicalAnalyses
to Core Stability
Ihenomena"

C

0IRT

'

F RE

"

(

co

Cubject
CD

-

c

Phenmena0

a)

M

.

a..

5. Incremental fission gas pressure (release from pellet)

t

'R

6. Fuel centedine temperature
7. Clad temperature

P

]]D PHENOMENA DESCIPTION

Other core components, i e., channel box, control blades, spacers,
tabs, etc. are not considered here.

"CIspacer

C3AX PELLET HEAT DISTRIBUTION

M

H

H

5.6

C3B;X PELLET HEAT TRANSFER PARAMETERS

M

H

H

6.7

C3CX GAP CONDUCTANCE

M

H

H

6,7

L
H

L
H

L
H

2.3

C24a CORE PRESSURE (absolute)
C26 METAL-WATER REACTION
TM1 PELLET MATERIAL RELOCATION
TM2 IFISSION GAS RELEASE

L
L

L
L

L
H

L
H

L
L
L
H

2,5,6

OF IRRADIATION
TM3 ANNEALING
HARDENING

H

H

H

1,2

THERMAL EXPANSION I
TM4 PELLET
CONTRACTION

H

H

H

2,3

TM5PEAK PELLET POWER DISTRIBUTION

H

H

H

M

M

M

TM7 PELLET SWELLING

L

L

L

AXIAL POWER
TM8 TRANSIENT
DISTRIBUTION
TM9 LENGTH IN BOILING TRANSITION

M

M

M

2,3

M

M

M

5

C3 VARIABLE GAP CONDUCTANCE
C1 8 CLAD STRAIN
C18

I

__DISTRIBUTION__

Fluid pressure outside resists fission gas pressure inside.
Not significant at low PCTs below 1150 K.
Assumes small temperature changes.
Incremental fission gas is not expected to be a significant; however,
it is important to calculate it
Expectation is "L"Ifnucleate boiling is re-established every
oscllatbon so temperatures do not continue to Increase.

2,5,6, Related to local peaking (ICI1) used for thermal/hydraulic analyses.
7
2,5,6

Impact is not known so assessment Is needed.

Initial power shape is addressed as IC8 and IC9 in the system
analyses
_

Cond__

IC17 SURFACE SCALE (CRUD AND OXIDE)
IC18 GAD CONCENTRATION & DISTRIBUTION
IC19 FUEL ROD AXIAL POWER DISTRIBUTION
FUEL ROD AXIAL EXPOSURE

Affects fuel rod power, temperature and surface heat flux.
Determines effective fuel time constant
Affects fuel rod power, temperature and surface heat flux.
Determines effective fuel time constant
Affects fuel rod power, temperature and surface heat flux.
Determines effective fuel time constant
Dynamic variation not as Important as absolute value of fuel time
constant
Cladding strain is not expected to be a significant parameter for
stability; however, it is important to calculate it.

___CLAD____STRAIN____I

TM, CHANGE
TM6 ASYMMETRIC POWER DISTRIBUTION

1.Change in clad stress strain curve
2. Incremental clad strain
3. Incremental clad fatigue
4. Incremental clad oxidation

M

M

M

M

M

L
L

L
L

M
L
L
____

7
2,5,6

__

_

Impacts heat transfer mechanisms and fuel thermal time constant
Gad rods have lower conductivity and a lower melting temperature.
Affects local fuel pellet material properties in the limiting region.
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Table 3-6
Output from System Thermal/Hydraulic Analyses
for Input into Single-Channel Thermal/Hydraulic Analyses
or Fuel Rod / Pellet Thermal/Mechanical Analyses
HOT CHANNEL TRANSIENT PARAMETER
(All are specified as a function of tn e)
TOTAL CHANNEL POWER
INLET FLOW at the SEO
INLET ENTHALPY at the SEO
OUTLET PRESSURE in the UPPER PLENUM
AXIAL POWER SHAPE
PRESSURE at the bottom of the BYPASS above the CORE SUPPORT PLATE

3.1.6.5.3 Assessment and Ranging of Parameters
Obiective
The code capabilities to calculate processes important to the scenario are assessed
against experimental data to determine code accuracy and scale-up capability and to
specify ranges ofparametervariations neededfor sensitivity studies.
3.1.6.5.3.1

Model Capability

The capability to calculate an event for a nuclear power plant depends on four elements:
(1) Conservation equations, which provide the code capability to address global
processes.
(2) Constitutive correlations and models, which provide code capability to model and
scale particular processes.
(3) Numerics, which provide code capability to perform efficient and reliable
calculations.
(4) Structure and nodalization, which address code capability to model plant geometry
and perform efficient and accurate plant calculations.
Consequently, these four elements must be considered when evaluating the applicability
of the code to the event of interest for the nuclear power plant calculation. The key
phenomena for each event are identified in generating the PIRTs for the intended
application, as indicated in Section 3.1.6.5.2.3. The capability of the code to simulate
these key phenomena is specifically addressed, documented, and supported by
qualification. Model capability for the codes used in this application will be
demonstrated in proprietary supplements to the application LTR.
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3.1.6.5.3.2

Model Qualification for Stability Limit

For each of the governing BWR phenomena, TRACG qualification has been performed
against a wide range of data (summarized in Section 3.1.2.6). Each of the codes used in
the BWROG stability limit application will have to demonstrate that it is adequately
qualified to model the phenomena for the application. This will be done in proprietary
supplements to the application LTR and will be supported by vendor proprietary LTRs.

3.1.6.5.3.3

Model Uncertainties and Biases

Overall model biases and uncertainties for a particular application will be assessed for
each highly ranked phenomena by using a combination of comparisons of calculated
results to: (1) separate effects test facility data, (2) component qualification test data,
(3) integral test facility test data and (4) BWR plant data. Where data are not available,
cross-code comparisons or engineering judgment may be used to obtain approximations
for the biases and uncertainties. For some phenomena that have little impact on the
calculated results, it may be appropriate to simply use a nominal value or to
conservatively estimate the bias and uncertainty.
The phenomena for the BWROG stability limit application have already been identified
and ranked, as indicated in Section 3.1.6.5.2.3, and have been agreed to by all BWR fuel
vendors. For the highly ranked phenomena, the bases used to establish the nominal
value, bias and uncertainty for that parameter will be documented in proprietary
supplements to the application LTR. Also, the basis for the selection of the probability
density function used to model the uncertainty will be provided.
3.1.6.5.4 Application Uncertainties and Biases
3.1.6.5.4.1

Effects of Nodalization

The effects of nodalization for each of the codes used in the BWROG stability limit
application will be assessed and presented in the proprietary vendor-specific supplements
to the application LTR.
The nodalization strategy for the various reactor components was developed from the
qualification of TRACG against test data for these components. The same consistent
nodalization strategy is then applied for full-scale plant calculations. The adequacy of the
nodalizations has been demonstrated and supported by sensitivity studies. Standard
nodalizations for modeling of BWR reactor vessels and other components have been
presented in the TRACG QualificationLTR.
3.1.6.5.4.2

Effects of Scale

Effects of scale will be specifically addressed for key parameters where full-scale data
has not been evaluated. This will be documented in the proprietary vendor-specific

3-35

Unverified Draft to Facilitate NRC Feedback: NEDO-33095

supplements to the application LTR. For many parameters, the TRACG modeling has
been qualified using both part-scale and full-scale data so the effects of scale have
already been quantified as part of the assessment of the bias and uncertainty. For these
parameters, no additional assessment is needed.
3.1.6.5.5 Sensitivity and Uncertainty Analysis
Obiective
The effects of individual contributors to total uncertainty are obtained, the methods to
account for the contributions are identified, and the processes to combine separate
contributorsare implemented.
Specific inputs for the analysis of an instability transient event are specified via
procedures, which are the primary means used to control application of engineering
computer programs. Code inputs can be divided into four broad categories: (1) geometry
inputs; (2) model selection inputs; (3) initial condition inputs; and (4) plant parameters.
For each type of input, it is necessary to specify the value for the input. If the calculated
result is sensitive to the input value, then it is also necessary to quantify the uncertainty in
the input.
The geometry inputs are used to specify lengths, areas and volumes. Model selection
inputs are used to select the features of the model that apply for the intended application.
Initial conditions are those conditions that define a steady-state operating condition.
Plant parameters influence the characteristics of the transient response and have
essentially no impact on steady-state operation.
Sensitivity and uncertainty analysis will be performed by each fuel vendor for the inputs
that are relevant to the BWROG stability limit application and will be documented in
proprietary supplements to the application LTR.
3.1.6.5.6 Combination of Uncertainties
In this step all the biases and uncertainties are combined into an overall bias and
uncertainty. A proven technique is to perform Monte Carlo sampling by performing
random perturbations of model and plant parameters over their individual uncertainty
ranges. Using the histogram generated by the Monte Carlo sampling technique, a
probability density function can be generated for code output of the primary safety
criteria parameters, e.g., peak clad temperature (PCT). Let the distribution to the left in
Figure 3-3 represent the total uncertainty in the calculated PCT. At some specified
probability and confidence this calculated PCT distribution must be less than both of the
distributions to the right in Figure 3-3 to ensure that fuel and clad properties do not
change significantly and the minimum stable film temperature (Tmin) is not exceeded
(rewet will occur).
In order to determine the total uncertainty in predictions with a computer code, it is
necessary to combine the uncertainties due to model uncertainties (CSAU Step 9), scaling
uncertainties (CSAU step 10), and plant condition or state uncertainties (CSAU Step 11).
Various methods have been used to combine the effects of uncertainties in safety
analysis. This section briefly summarizes different methods for combining uncertainties.
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All these approaches are within the framework of the CSAU methodology, since the
CSAU methodology does not prescribe the approach to use.

3.1.6.5.6.1

Traditional Bounding Analysis

A common approach in traditional conservative analysis is to combine the uncertainties
linearly, by taking bounding models for the phenomena and by setting plant parameters to
the limits expected to produce the most limiting plant response. Separate calculations
may be required to obtain bounding results for different response parameters, because it
may not be possible to define a single 'worst case' that will result in all key response or
output parameters being calculated at their upper bounds. In any case, an advantage of
this approach is that it requires no more than one computer run for each output parameter
of interest. The most significant disadvantages with this method are that it is very
conservative, in extreme cases can give unrealistic results, and that no statistical
quantification of the margins to design limits is possible.
3.1.6.5.6.2

Statistical Treatment of Overall Calculational Uncertainty

A more realistic approach is to perform plant calculations using
inputs for the plant parameters and quantify the uncertainties in the
Uncertainties are added to the calculated nominal values for the
account for modeling uncertainty, uncertainty in plant operation
effects such as effect of scale on the calculations. A statistical
3-37
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determine the added uncertainties and to account for possible biases. Realistic models
and input are used for all processes and inputs, and the design calculation accounts for
biases and uncertainties in all major models and plant parameters.
NRC Regulatory Guide 1.157for use of best-estimate models for LOCA analysis defines
acceptable model features and applicationprocedures. The guide states that a one-sided
upper statistical limit (OSUSL) can be calculated at the 95% probability level for the
primary safety parameters. In addition, the statisticalmethodology should be provided
and justified. The Regulatory Guide finds the CSAU methodology acceptable for this
purpose.
3.1.6.5.6.3

Comparison of Approaches for Combining Uncertainties

Several options exist to perform the statistical combination of the uncertainties. Neither
the CSAU methodology report[3- 31 nor NRC Regulatory Guide 1.15713-4] specifies how
this should be done. Some possible options are summarized in Table 3-7. In the
following paragraphs these options will be discussed and compared.
Table 3-7

Methods for Combined Uncertainty
Description

Method
Propagation of Errors

Uncertainties in the calculated safety parameters to individual
phenomena are evaluated from single perturbations and the overall
uncertainty is determined as the square root of the sum of the squares of
the individual uncertainties.

Response Surface Technique

Response surface for the safety parameter is generated from parameter
perturbations
Statistical upper bound is determined from the Monte Carlo method
using a response surface.

Order Statistics Method Single Bounding Value
(GRS Method)

Monte Carlo method using random perturbations of all important
parameters. Sample size defined to yield desired statistical confidence.
Statistical upper bound is determined from most limiting perturbation
(for first order statistics).

Normal Distribution One Side
Upper Tolerance Limit

Monte Carlo method using random perturbations of all important
parameters. Normality of output distribution established by statistical
checks
Statistical upper bound is determined from sample variance from all
perturbations.

3.1.6.5.6.4

Propagation of Errors

In the propagation of errors method, the uncertainties are combined by taking the square
root of the sum of the squares (SRSS) of the individual uncertainties. In this approach,
the effects of individual phenomena on key response parameters are determined, and then
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combined using SRSS. For this approach, a relatively small number of computer runs is
required. The number of runs required is directly related to the number of input
parameters for which uncertainty ranges have been established. This approach is
justifiable if the effects on the calculated responses of the phenomena whose uncertainties
are being accounted for are independent of each other. For complex processes requiring
complex code calculations, independence rarely exists and is difficult to impossible to
demonstrate. A secondary requirement for this approach is that all input and output
parameters can be modeled by a normal distribution.
3.1.6.5.6.5

Response Surface Technique

In this method, individual model and plant parameters are perturbed and the sensitivity of
the primary safety parameter to these perturbations is determined. The process begins by
examining each model and plant parameter uncertainty. Using test data and expert
knowledge, each parameter is assigned a probability density function (i.e., normal, log
normal, exponential, uniform, etc.). The probability density function (PDF) describes the
method by which the uncertainty would vary from the expected value. The range or body
for each PDF is determined from the standard deviation, if known, or by the maximum
and minimum value of the parameter. According to conventional response surface
techniques, a large number of transient simulations per each event scenario would be
needed due to the large number of parameters to be varied. At least two cases would be
required (in addition to the nominal calculations) for each important plant and model
parameter to quantify the responses to ±+ perturbations. Additional cases would be
needed to quantify ±2a and ±3u perturbations if the output responses did not vary
linearly with the input perturbations. Furthermore, many cases would have to be made,
where several parameters are perturbed simultaneously to account for covariances. A
response surface would be determined from all the cases, and Monte Carlo analysis
would be used to determine the 95% fractile. This method is advantageous when few
parameters are involved, but is impractical when a large number of parameters are
involved due to the prohibitively large number of perturbations needed to account for
non-linearities and covariances.
3.1.6.5.6.6

Order Statistics Method - Single Bounding Value (GRS)

The Monte Carlo method that has been used in Germany by Gesellschaft fiIr Anlagen
und Reaktorsicherheit (GRS)13 "53 requires only a modest number of calculations, and
automatically includes the effects of interactions between perturbations to different
parameters. In this GRS method, Monte Carlo trials are used to vary all uncertain model
and plant parameters randomly and simultaneously, each according to its uncertainty and
assumed probability density function (PDF), and then a method based on the order
statistics of the output values is used to derive upper tolerance bounds (one-sided, upper
tolerance limits OSUTLs).
Monte Carlo sampling of each parameter according to its assigned PDF yields the value
of that parameter to be used for a particular trial. Given such a trial set of input
parameters, the calculation process determines the corresponding output parameter of
interest. Therefore, while void coefficient might be set at a -1.5a value, inter-facial shear
might be set to a value of +2.Ocy, each according to its own probability model. In this
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manner, the effects of interactions between all model parameters are captured in a single
calculation. Once all of the trials have been completed, the desired output parameter (e.g.,
PCT) is extracted from each of the trials and the set of parameter values is then used to
construct an OSUTL for that particular output parameter. Figure 3-4 illustrates the
process.
Individual TRACG overlay files containing all the perturbed parameter values are created
for each separate trial. For each trial, this overlay file is appended to the end of the base
transient input file and the TRACG calculation is performed to determine the output
parameter value as a function of time for this particular transient and set of inputs. The
process is repeated n times to define the sample values of the output parameter of interest
for the particular transient under consideration. Similar samples for other parameters, for
the same transient, can be generated at the same time without additional TRACG
calculations.
An OSUTL is a function U = U(x1 ,...,xj) of the data xl,...,x. (which will be the values
of an output parameter of interest in a set of Monte Carlo trials), defined by two numbers
0 < x, 13 < 1 , so that the proportion of future values of the quantity of interest that will be
less than U is 100cc%, with confidence at least 100P3% --- this is called an OSUTL with
100xt%-content and (at least) 10013% confidence level.
The order statistics method 3 61 , originally developed by Samuel Wilks, produces
OSUTLs that are valid irrespective of the probability distribution of the data, requiring
only that they be a sample from a continuous PDF. Given values of ccand P3, the OSUTL
can be defined as the largest of the data values, provided the sample size
n Žlog(1-fl)/loga. For 95%-content and 95% confidence level, the minimum
sufficient sample size is n=59.
The advantage of using the order statistics method to determine the combined uncertainty
is that only a relatively small and fixed number of TRACG runs have to be performed
and this number of calculations is independent of the number of model and plant
parameters that are considered. The disadvantage of the order statistics method is that it is
sensitive to the random nature of the process and can lead to overly conservative results.
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PN

Xi=PDFI(SEEDi)

F2

X2=PDF2(SEE D2)

PD FN

•

XN=PDFN(SEEDN)

I4Ae,
Models
Process
Yi=F(X1,X2...XN)

PDFY=Yi(i=1...M)
Key Output Parameter (i.e., PCT)
Figure 3-4
3.1.6.5.6.7

Schematic Process for Combining Uncertainties
Normal Distribution One-Sided Upper Tolerance Limit

The problem of variable conservatism associated with the order statistics method is
addressed by analyzing the sample variance from all the Monte Carlo trials. Like the
order statistics method, independent Monte Carlo trials are performed to assess
sensitivities to simultaneous random perturbations in all the uncertain model and plant
parameters. Once the results from all the trials have been calculated, the variance in the
output variable is statistically analyzed to establish the bounding value that will provide
the desired probability and confidence. This is unlike the order statistics method where
only a single point is used to conservatively establish a bounding value with probability
and confidence greater than or equal to the desired levels. The normal distribution one
sided upper tolerance limit (ND-OSUTL) approach uses the results from all the trials to
establish the total uncertainty in the output variable. This combined total uncertainty is
as a result insensitive to the seed used in the Monte Carlo trials, provided a sufficient
number of trials are evaluated. Additional details are given in the following paragraphs to
illustrate how this technique is applied to evaluate the combined total uncertainty in the
calculated transient ACPR/ICPR. Although the illustrations are presented only for
ACPR/ICPR, the same approach can be used to determine the total uncertainty in other
calculated results such as centerline temperature, clad strain, vessel pressure, and
downcomer water level.
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First, the CSAU guidelines are followed to identify and rank the key parameters. For each
key High and Medium ranked parameter, a PDF is assigned based on experimental data
and/or expert knowledge of the process. These initial steps are identical to the initial steps
one would use when applying the response surface technique (see Section 3.1.6.5.6.5).
Next, random Monte Carlo sampling from each parameter's PDF is used to define the
value of that parameter to be used for that particular Monte Carlo trial. Each parameter is
perturbed independently to get its value for that trial. All perturbed parameter values are
considered simultaneously as a set in defining all the inputs for a particular trial. A
TRACG steady-state for this set of perturbed inputs is obtained then the transient
TRACG calculation is run using the same set of perturbed inputs. Uncertainties in the
individual input parameters are combined by the TRACG calculation process models for
this trial to determine the associated variation in the output parameter of interest. This
defines the output for one trial. The process is repeated until the desired number of trials
has been completed. This process is the same as for the order statistics method (see
Section 3.1.6.5.6.5) illustrated in Figure 3-4.
When all the results from the Monte Carlo trials have been obtained, the ND-OSUTL is
determined. In contrast to the order statistics method where the single bounding output
value out of the N trials is chosen, the ND-OSUTL technique uses the results from all N
trials. For the order statistics method, the single most limiting output value bounds the a
fraction of the population with /l confidence. (Recall that N was chosen according to
Wilk's formula such that the desired probability and confidence levels are realized.) By
way of contrast, the ND-OSUTL technique can be applied for any number of trials, since
the trial results are statistically analyzed as a set rather than individually.
For the ND-OSUTL technique, the sample variance (S2) for all the Monte Carlo trials is
analyzed. If there are N trials, then there are N outputs for the variable of interest. These
N outputs define a PDF for the output variable. Statistical theory provides that for an
output that is a continuous function of many inputs, the sample mean (57) of this PDF
will be approximated by a normal distribution even if the distribution function for the
variable itself is not normally distributed. This is a direct result of the fact that the input
parameters were varied randomly and independently and that the output function is a
continuous function of the inputs. Although the output PDF itself will usually be
normally distributed, it is necessary to confirm this, since the simulated process may not
be continuous. When the PDF for the output variable is normally distributed, it is
possible to define a factor z,•.p, to be applied to the normally distributed sample mean
value (W7) such that the true mean (p.) for the population from which the N samples are
taken is bounded with probability a and confidence 8t. The factor z,•,, is a multiplier on
the sample standard deviation (s) to achieve the desired probability and confidence. The
product is then added to the sample mean (57) of the output variable to determine
the ND - OSUTLaP that bounds the true mean with probability (Xand confidence/3:
ND - OSUTLap

=

+ z"1. *s

The multiplier, za,,, can be found in most statistical textbooks as factors for one-sided
normal tolerance limits. For example, for a sample size of N=59, a 95% probability and a
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95% confidence level, Z95,95 = 2.024. In the limit, for very large sample sizes,
distribution.
lim z 95,P = 1.645, which is the one-sided 95% fractile from the normal
N-->ao
Given the value for za,,, the one-sided upper tolerance limit can be calculated, since the
sample mean (3) is known by averaging the results from all the trials. Many statistical
textbooks contain tables for zaj,. The value of the sample mean (5) can be checked for
consistency, since it is expected to be very close to the result obtained for the nominal
calculation where no perturbations were made.
The advantages of the ND-OSUTL method to determine the OSUTL are that it requires
all the
relatively few trials (e.g., on the order of 50+ trials) and that the information from
the
trials is insensitive to the seed used for the random sampling. This insensitivity to
random
the
random sampling process for the ND-OSUTL method also eliminates
one must
conservatism of the order statistics method. To use the ND-OSUTL method,
the
cannot,
it
When
demonstrate that the output PDF is normal; usually, this can be done.
order statistics method may be used to directly obtain a conservative value.
3.1.6.5.6.8

Recommended Approach for Combining Uncertainties

the
The above description of the statistical basis for combining uncertainties leads to
conservatively
to
conclusion that a relatively small number of TRACG runs can be used
determine the 95/95 OSUTL for TRACG output variables using either the ND-OSUTL
inputs
method or the order statistics method. These runs (trials) are made with certain
in the
selected randomly, considering the range and distribution of the uncertainties
inputs.
This approach to determine the total uncertainty has several advantages over other
of
approaches as summarized in Table 3-8. The following expands on the discussion
these advantages:
"

There is no limit to the number of input parameters for which uncertainties are
defined, because the number of trials required does not depend on the number of
the
input parameters varied. The number of required trials is only a function of
the
desired probability and confidence to be obtained in statistically characterizing
results.

"

It is not necessary to perform separate calculations to determine the sensitivity of the
response to individual input parameters or to make assumptions regarding the effect
a
on the output of interactions between input parameters as required to develop
input
between
response surface. (It is still necessary to specify dependencies
parameters.)

"* A separate response surface does not have to be developed for each output parameter
of interest.
"* It allows for different specifications of the distributions of the uncertainties; for
example, some can be specified as having a uniform distribution and some can be
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specified with a normal distribution. (This advantage is not unique to this method.
Monte-Carlo sampling with a response surface will also allow this.)
The OSUTL for each output parameter of interest can be defined over the entire
duration of the transient. That is, it is not limited to using only the peak values for the
output variables over the duration of the event analyzed or the values at a particular
point in time.
The advantage of the order statistics method is that it does not depend on the PDF of the
output variable, and the disadvantage is that the result can be very conservative for a
small number of trials, and this conservatism cannot be quantified without running more
sets of trials. The ND-OSUTL method, on the other hand, provides a precise OSUTL for
a small sample size but depends on the output variable PDF being normally distributed. It
is important to recognize that the random sampling is identical for the ND-OSUTL and
the order statistics methods. Therefore, the recommended approach is to perform the
random sampling as it applies to both methods and evaluate the PDF of the output
variable. If the PDF is normally distributed, the more accurate and less conservative ND
OSUTL method is used for the OSUTL, and if a normal distribution cannot be
demonstrated, the more conservative order statistics method is used.

3-44

Unverified Draft to Facilitate NRC Feedback: NEDO-33095

Table 3-8 Comparisons of Methods for Combining Uncertainties
Disadvantages
Advantages
Method for
Combining
Uncertainties
Propagation of Errors

Relatively small number computer runs,
when the number of input variables is
small. The number of cases is linearly
related to the number of input parameter
uncertainties considered.

All input parameters must be normally
distributed.
Necessary to demonstrate independence
of effects of individual uncertainties on
responses.

Response Surface

Very precise statistical characterization of
results with a large number of Monte
Carlo Trials using response surface.

Number of computer runs depends on the
response surface model and increases
exponentially with the number of input
parameter uncertainties considered.

Different distributions can be specified
for each input uncertainty.
Independence of the effect of individual
input parameters on response is not

Interactions of input parameters has to be
established and considered in the
development of the response surface.

necessary.
Order Statistics (GRS)

The number of random trials is
independent of the number of input
parameters considered.

Results can be very conservative for a
small number of trials, and consistent
results may require a larger set of trials.

The method requires no assumption about
the PDF of the output parameter.
It is not necessary to perform separate
calculations to determine the sensitivity
of the response to individual input
parameters.
It is not necessary to make assumptions
about the effect on the output of
interactions of input parameters.
Normal Distribution Onesided Upper Tolerance
Limit
(ND-OSUTL)

The number of random trials is
independent of the number of input
parameters considered.
Only a relatively small number of random
trials is needed for a precise statistical
characterization of the results.
It is not necessary to perform separate
calculations to determine the sensitivity
of the response to individual input
parameters.
It is not necessary to make assumptions
about the effect on the output of
interactions of input parameters.
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3.1.6.5.7 Results
The application LTR will define the primary results for the application and quantify the
uncertainties in those results. In addition, the application LTR will specify how these
results will be used to satisfy the stated requirements and how the results will be reported.

3.1.6.6

Plant Specific Application

The Plant Specific Application will be described.

3.1.6.7

Application to Option I-D

The Application to Option I-D will be described.

3.1.6.8

Application to Option II

The Application to Option II will be described.

3.1.6.9

References

The application LTR will include a list of specific references.
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