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NRC RAI 15.0-27

GE transient analyses used evaluation model, TRACG, NEDC-33083P-A, "TRACG Application
Jor ESBWR" to analyze most of the AOOs and IEs IN Chapter 15. In reference documents,
demonstration of calculations for ESBWR AOQOs are presented. However, there is no discussion
of Infrequent Events analyses in this LTR. Is there a plan by GE to submit additional information
to qualify TRACG for analyzing the Infrequent Events?

GEH Response

GEH is submitting the requested additional information in response to RAI 21.6-64. The
response to RAI 21.6.64 provides the additional information to qualify TRACG for analyzing
infrequent events.

DCD Impact
No DCD changes will be made in response to this RAI.
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NRC RAI 21.6-64

In the topical reports NEDC-33083P Supplement 1 (Methodology to calculate stability margins
for ESBWR using TRACG) and NEDE-32906P-A Rev. 2 (Methodology to perform transient
‘analysis for BWR/2-6 using TRACG) both high and medium importance PIRT parameters were
included in the uncertainty analysis. However, for the TRACG application for ESBWR AOQOs, it
appears that only high importance PIRT parameters are to be included in the uncertainty
analysis with the exception of a few medium ranked parameters.

A. Provide a basis explaining the exclusion of the medium ranked parameters from the
uncertainty analysis. ‘

B. Why were some medium importance parameters included in the ESBWR transient uncertainty
analysis and other PIRT parameters of medium importance not included? Explain the method for
selecting the parameters included in the uncertainty analysis.

C. Page 4-21 in Section 4.4 of NEDC-33083P-A states, "For some phenomena that have little
impact on the calculated results, it is appropriate to simply use a nominal value or to
conservatively estimate the bias and uncertainty.” Is a nominal value used for the medium
ranked phenomena? If so, explain why bounding values were not used. Provide a discussion of
how medium ranked phenomena are treated in terms of model uncertainty and bias.

GEH Response

GEH previously submitted NEDC-33083 Supplement 0 which provided a Code Scaling
Applicability and Uncertainty (CSAU) application methodology to ESBWR transient analysis. It
provides a Phenomenon Importance and Ranking Table (PIRT), the uncertainties and bias of the
high importance phenomenon, and references the previously approved TRACG application.

Methodology for BWR 2-6 (NEDC-32906). The NEDC-33083 application methodology has
been applied in the ESBWR DCD, starting with REV 0. The attached topical report, NEDO-
33083 Supplement 3, provides a compilation of information previously submitted, and
intermediate results which support the OLMCPR reported in the DCD. It’s submitted to provide
a comprehensive source of information on the ESBWR transient analysis, which was previously
available in several sources. o
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This - document references and incorporates germane topics of several previously approved
documents that include the following:

| Document » _ Used in Section(s) n.n
NEDE-32177, Rev. 3, TRACG Qualification By reference throughout
: document.
NEDE-32176P, Rev. 3, TRACG Model Description By reference throughout
A document.

NEDE-32906P, Rev. 3, TRACG Application for Anticipated | 1.1, 1.2, 2.0, 3.0 (partial),
| Operational Occurrences (AOO) Transient Analyses 3.1.2 incl. Table 3-1.

NEDC-33083P-A; TRACG Application for ESBWR, B. S. Se.ctions 3.0 (Table 3-1),
Shiralkar and Y. K. Cheung. 5.0,6.0,7.0,8.0

Items A, B, and C are addressed in the attached report in a comprehensive way that supplements
the original submittal and extends the TRACG methodology for ESBWR Anticipated
Operational Occurrences (AOO), Infrequent Events (IE), and Special Events (SE) transient
analysis. The responses for Items A, B, and C can be summarized as follows.

A. Provide a basis explaining the exclusion of the medium ranked parameters from the
uncertainty analysis. ' :

The bases for selecting and ranking the medium and high PIRT are discussed in Sec. 5 of the
attached NEDO-33083 Supplement 3, TRACG Application for ESBWR Transient Analysis
Response to RAI 21.6.64. All the medium and high ranked PIRT listed in Table 5-1 have been
included in the OLMCPR statistical uncertainty analyses for selected AOO, IE, and SE
transients. '

B. Why were some medium importance parameters included in the ESBWR transient uncertainty
analysis and other PIRT parameters of medium importance not included? Explain the method for
selecting the parameters included in the uncertainty analysis.

Same as in A, all the medium and high ranked PIRT listed in Table 5-1 have been included in the
ESBWR transient statistical uncertainty analyses. The method for the implementation of the
statistical analysis is documented in Sec. 7. The results for the uncertainty analysis for the
sample transient calculations are given in Sec. 8.4.2, whose input values were randomly selected
using the Monte Carlo method. In addition, for each sample calculation a subset of high ranked
PIRTs are selected for sensitivity analysis by applying a +/- 1c perturbation.

C. Page 4-21 in Section 4.4 of NEDC-33083P-A states, "For some phenomena that have little
impact on the calculated results, it is appropriate to simply use a nominal value or to
conservatively estimate the bias and uncertainty.” Is a nominal value used for the medium
ranked phenomena? If so, explain why bounding values were not used. Provide a discussion of
how medium ranked phenomena are treated in terms of model uncertainty and bias.
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Please see Sec. 5.0 for the discussions on the choices between using bounding input and
probability distribution for both the medium and high ranked parameters. For those medium
ranked parameter whose biases and distributions are available, they are used in the uncertainty
analysis. Otherwise, bounding inputs are used in the uncertainty analysis.

DCD Impact
No DCD changes will be made in response to this RAI
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NON-PROPRIETARY INFORMATION NOTICE

This is a non-proprietary version of the document NEDE-33083P, Supplement 3 which has the
proprietary information removed. Portions of the document that have been removed are
indicated by open and closed double brackets as shown here [[  ]].

Copyright, GE Hitachi, 2007

Important Notice Regarding Contents of this Report
Please read carefully

The information contained in this document is furnished as reference to the NRC Staff for the
purpose of obtaining NRC approval of the ESBWR Certification and implementation. The only
undertakings of GE-Hitachi Nuclear Energy (GEH) with respect to information in this document
are contained in contracts between GEH and participating utilities, and nothing contained in this
document shall be construed as changing those contracts. The use of this information by anyone
other than that for which it is intended is not authorized; and with respect to any unauthorized
use, GEH makes no representation or warranty, and assumes no liability as to the completeness,
accuracy, or usefulness of the information contained in this document.
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ABSTRACT

This report discusses the application of TRACG, the General Electric-Hitachi (GEH) proprietary
version of the Transient Reactor Analysis Code, to analyses of Anticipated Operational
Occurrences (AOOs), Infrequent Events (IEs), and Special Events (SEs) for the ESBWR.
Realistic calculations with TRACG can be used together with statistical quantification of
uncertainties to support licensing evaluations for these transient events.

Realistic analyses performed with TRACG have been used previously to support licensing
applications in other areas. TRACG is currently approved to perform LOCA and Stability
licensing analysis for the ESBWR and is under review to perform ATWS analysis for the
ESBWR. TRACG applications offer the benefit of more accurate simulations of BWR events
and improved operating margins. GEH is seeking NRC approval to use TRACG to perform
AQQO, IE and SE licensing analyses for ESBWRs.
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1.0 INTRODUCTION

1.1  Background

TRACG is a General Electric-Hitachi (GEH) proprietary version of the Transient Reactor
Analysis Code (TRAC). TRACG uses advanced realistic one-dimensional and three-dimensional
methods to model the phenomena that are important in evaluating the operation of BWRs.
Realistic analyses performed with TRACG have been used previously to support licensing
applications in different areas, including Anticipated Operational Occurrences (AOOs). GEH
also performs licensing calculations for transient events of operating BWRs using other NRC-
approved computer codes and methods [1] [2].

TRACG has been approved by the NRC for AOO Analysis of BWR 2-6 plants [3] and ATWS
overpressure analysis of BWR 2-6 [3], ESBWR LOCA Analysis [4] and ESBWR Stability
Analysis [5]. An application methodology for ESBWR ATWS is under NRC review [6].

This submittal provides a package of ESBWR specific data, which supports the transient
analysis, as stated in [4] Section 4, transient analysis. For the ESBWR the term transient
analysis (or transient events) is used to refer to events in AOO, Infrequent Event (IE) and Special
Event (SE) categories which are analyzed with TRACG using the method presented in this
document. The ESBWR application methodology for transient analysis is based on [3] and [4].

TRAC was originally developed for pressurized water reactor (PWR) analysis by Los Alamos
National Laboratory (LANL), the first PWR version of TRAC being TRAC-P1A [10]. The
development of the BWR version of TRAC started in 1979 in close cooperation between GE and
Idaho National Engineering Laboratory (INEL). The objective of this cooperation was the
development of a version of TRAC capable of simulating BWR LOCAs. The main tasks
consisted of improving the basic models in TRAC for BWR applications and in developing
models for specific BWR phenomena and components. This work culminated in the mid 1980’s
with the development of TRACB04 at GE [11] through [18] and TRACG-BD1/MOD1 at INEL
[19]. Due to the joint development, these versions were very similar. In the earlier stages,
General Electric (GE), the United States Nuclear Regulatory Commission (NRC) and the
Electric Power Research Institute (EPRI) jointly funded the development of the code. A detailed
description of these earlier versions of TRAC for BWRs is contained in References [19] through
[21].

[
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1

1.2 Summary

This document demonstrates the acceptable use of TRACG analysis results for licensing the
ESBWR plant. Transient events are analyzed to establish the reactor system response, including
the calculation of the Operating Limit Minimum Critical Power Ratio (OLMCPR). This
application specifically addresses TRACG capabilities to ensure that acceptable fuel design
limits and reactor coolant pressure boundary design conditions applicable to the transient
category are not exceeded during an event. This application report demonstrates that TRACG
analyses can be used as the transient analysis process for licensing calculations. This document
describes the quantification of uncertainties as applied to the realistic nominal results of TRACG
analyses such that less than 0.1% of the fuel rods are expected to experience a boiling transition
for the most severe AOO and the number of rods in boiling transition is confirmed for the most
severe IE.

The transient analysis of these events statistically accounts for the uncertainties and biases in the
models and plant parameters using a Monte Carlo method. The uncertainties and biases
considered include the following:

1l

Il

1

Some of these uncertainties are plant, fuel type, and event dependent. Therefore, periodic
changes in the statistical analysis will be required as these factors change. Demonstration of the
statistical analysis and criteria to be used to change this analysis is provided in this report.

The overall analysis approach followed is consistent with the Code Scaling Applicability and
Uncertainty (CSAU) analysis methodology [29] and Regulatory Guide 1.157 [30]. Conformance
with CSAU methodology is demonstrated in the subsequent sections. The sensitivity of each
event analyses to the initial input parameters is established in this report. Values for these
parameters will be included in the core analyses reports, including the supplement reload
licensing submittal for reload cores.

INTRODUCTION 2
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Also because of the best estimate methods used and the large uncertainty for the steady state
conditions for the OLMCPR determination, this methodology requires the confirmation that at
steady state, there is no rod under dry-out. This estimation will be done with GESAM and
considering that the maximum number of rods under dry-out is only one.

INTRODUCTION
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2.0 TRANSIENT ANALYSIS
2.1 Licensing Requirements and Scope of Application

2.1.1 10CFR50 Appendix A

The General Design Criteria for Nuclear Power Plants are stipulated in Appendix A to Part 50
of 10CFR. AOOs are classified as transient events of moderate frequency. The Standard Review
Plan for events in this classification states that the “acceptance criteria are based on meeting the
requirements of the following regulations” and then defines the acceptance criteria “as it relates”
to the general design criteria (GDC). NRC approval of licensing methods used for AOO analysis
implies that the methods are capable of assessing an AOO transient response “as it relates” to the
GDC.

2.1.2 Standard Review Plan Guidelines (NUREG 800)

The NRC guidelines for review of Anticipated Operation Occurrences (AOOs) are identified in
Section 15 of the Standard Review Plan (SRP) [14].

The AOO (incidents of moderate frequency), Infrequent Event (IE) and Special Event (SE)
scenarios are listed with the corresponding DCD sections below. ESBWR events are broken up
into categories as discussed in Tier 2 Chapter 15 of the ESBWR DCD[61]. The ESBWR events
per category are listed in Sections 2.1.6,2.1.7 and 2.1.8.

DCD Section | Event

15.2 Anticipated Operational Occurrences
15.3 Infrequent Events
5.2.2 Special Events (Overpressure Protection)

In addition to the events given above, there are others such as rod withdraw error and fuel mis-
loading errors (Section 15.2.3) that are not analyzed with TRACG.

2.1.3 Proposed Application Methodology

The methodology for this application of TRACG to ESBWR is based on that approved by the
NRC for BWR/2-6 AOOs [3].

2.13.1 Conformance with CSAU Methodology

The application methodology using TRACG for ESBWR AOO transient analyses addresses all
the elements of the NRC-developed CSAU evaluation methodology [29]. The CSAU report
describes a rigorous process for evaluating the total model and plant parameter uncertainty for a
nuclear power plant calculation. The rigorous process for applying realistic codes and
quantifying the overall model and plant parameter uncertainties represents the best available
practice.

Transient Analysis : 4
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The CSAU methodology as documented in Reference [29] consists of 14 steps, as outlined in
Table 2-1, which also shows where these steps are addressed for the current TRACG application.

Table 2-1
Code Scaling, Applicability and Uncertainty Evaluation Methodology

CSAU Description Addressed In
Step
1 Scenario Specification Section 2.1.6
2 Nuclear Power Plant Selection Section 2.1.9
3 Phenomena Identification and Ranking Section 3.0
4 Frozen Code Version Selection Reference [8]
5 Code Documentation Reference [8]
6 Determination of Code Applicability 13{2%2:;?1;‘0[’9]
7 Establishment of Assessment Matrix Section 4.2
8 Nuclear Power Plant Nodalization Definition Section 5.2
9 Definition of Code and Experimental Accuracy Reference [9]
10 Determination of Effect of Scale Section 5.3
1 Determination of the Effect of Reactor Input Parameters and Secti

State ection 7.0
12 Performance of Nuclear Power Plant Sensitivity Calculations | Section 7.0
13 Determination of Combined Bias and Uncertainty Section 7.0
14 Determination of Total Uncertainty Section 7.0

2.1.4 Implementation Requirements

The implementation of TRACG into actual licensing analysis is contingent on completion of the
following implementation requirements:

Review and approval by the NRC of:

¢ The modeling uncertainties documented in Section 5.0.

o The statistical process for analyzing transient events described in Section 7.0.
The approval is expected as part of the ESBWR DCD approval. |

ESBWR implementation using best-estimate modeling to consider sensitivities due to initial
condition and plant parameters described in Sections 6.2 and 6.3.

Specific operating limits derived or comparison with acceptance criterion (peak pressure, water
level and fuel thermal/mechanical) will be based on application of the statistical application
processes described in Section 7.0.

Transient Analysis 5
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2.1.5 Review Requirements For Updates

In order to effectively manage the future viability of TRACG for transient licensing calculations,
GEH proposes the following requirements for upgrades to the code to define changes that (1)
require NRC review and approval and (2) that will be on a notification basis only.

2.1.5.1 Updates to TRACG Code

Modifications to the basic models described in Reference [8] may not be used for transient
licensing calculations without NRC review and approval.

Updates to the TRACG nuclear methods to ensure compatibility with the NRC-approved steady-
state nuclear methods, e.g., PANACI11, may be used for transient licensing calculations without
NRC review and approval as long as the ACPR/ICPR, peak vessel pressure, and minimum water
level shows less than 1 sigma deviation difference compared to the method presented in this

'LTR. A typical transient in each of the event scenarios will be compared and the results from the
comparison will be transmitted for information. GEH has provided an update to PANACI11 in
[7]1. All ESBWR LTR and DCD calculations including uncertainty analyses are based on
PANACI11.

Changes in the numerical methods to improve code convergence may be used in transient
licensing calculations without NRC review and approval.

Features that support effective code input/output may be added without NRC review and
approval.

2.1.5.2  Updates to TRACG Model Uncertainties

New data may become available with which the specific model uncertainties described in
Section 5.0 may be reassessed. If the reassessment results in a need to change specific model
uncertainty, the specific model uncertainty may be revised for transient licensing calculations
without NRC review and approval as long as the process for determining the uncertainty is
unchanged.

The nuclear uncertainties (void coefficient, Doppler coefficient, and scram coefficient) may be
revised without review and approval as long as the process for determining the uncertainty is
unchanged. In all cases, changes made to model uncertainties done without review and approval
will be transmitted for information.

2.1.5.3  Updates to TRACG Statistical Method

Revisions to the TRACG statistical method described in Section 7.0 may not be used for
transient licensing calculations without NRC review and approval.

2.1.5.4  Updates to Event Specific Uncertainties

Event specific ACPR/ICPR, peak pressure, and water level biases and uncertainties will be
developed for transient licensing applications based on a reference fuel type. These biases and
uncertainties do not require NRC review and approval. The generic uncertainties will be
transmitted to the NRC for information.

Transient Analysis 6
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21.6 AOO Events

The following transient events are those categorized as anticipated operational occurrences
(AOOs) and analyzed with TRACG in ESBWR. The following AOO transient event groups are
specifically included: The list of events is representative of events in the group but not

comprehensive. The comprehensive list is the events analyzed by TRACG in Tier 2 Chapter 15
of the ESBWR DCD [61]:

e Pressurization events, including: closure of one turbine control valve, load rejection
(or turbine trip) with bypass, load rejection (or turbine trip) with a single failure in the
bypass, main steam isolation valve closure, loss of condenser vacuum

e Depressurization events, including: opening of one turbine control valve or bypass
valve

e Cold water events, including: loss of feedwater heating and inadvertent isolation
condenser injection

e Level transient events, including: loss of non-emergency AC power to station
auxiliaries, loss of all feedwater flow

2.1.7 IE Events

The following transient events are those categorized as infrequent events (IEs) and analyzed with
TRACG in ESBWR. The following IE transient event groups are specifically included: The list
of events is representative of events in the group but not comprehensive. The comprehensive list
is the events analyzed with TRACG in Tier 2 Section 15.3 of the ESBWR DCD [61]:

e Pressurization events, including: feedwater controller failure — maximum demand,
pressure regulator failure — closure of all turbine control and bypass valves, load
rejection (or turbine trip) with total turbine bypass failure,

e Depressurization events, including: opening of all turbine control valves and bypass
valves

e Cold water events, including: loss of feedwater heating with SCRRI/SRI failure or
also feedwater controller failure — maximum demand

2.1.8 SE Events

The following transient events are those categorized as special events (SEs) and analyzed with
TRACG in ESBWR. The following SE transient event groups are specifically included: The list
of events is comprehensive SE events can be found in Tier 2 Section 15.5 of the ESBWR DCD
[61]. ATWS events are in this category but the TRACG methodology for ATWS events is in

[6):

e Pressurization event: main steam isolation valve closure with flux scram
(overpressure protection)

e Level transient event: station blackout

2.1.9 Nuclear Power Plant Selection
The intended application in this report is for an ESBWR plant.

Transient Analysis 7
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3.0 PHENOMENA IDENTIFICATION AND RANKING

The critical safety parameters for transient events are minimum critical power ratio (MCPR), fuel
thermal-mechanical margins, downcomer water level and peak reactor pressure vessel (RPV)
pressure. These are the criteria used to judge the performance of the safety systems and the
margins in the design. The values of the critical safety parameters are determined by the
governing physical phenomena. To delineate the important physical phenomena, it has become
customary to develop phenomena identification and ranking tables (PIRTs). Phenomena are
ranked with respect to their impact on the critical safety parameters. For example, the MCPR is
determined by the reactor short-term response to transients. The coupled core neutronic and
thermal-hydraulic characteristics govern the neutron flux, reactor pressure, core flow, and
downcomer water level transients. ’

Section 3.1.1 describes representative scenarios for ESBWR transient events. The descriptions
stress the phenomenological evolution of the transients. The scenarios provide a background for
the listing and ranking of phenomena that go into the PIRT. Section 3.1.2 reports the results of
the phenomena ranking from Reference [3].

3.1.1 ESBWR Transient Classes

The PIRTs for transient events were synthesized from consideration of the phenomena involved
in various classes of events. Although these events are in different event categories with respect
to licensing (AOO, IE, SE) they can be grouped together for the phenomena identification and
ranking. ‘

3.1.1.1 Pressurization Events (or pressurization transients)

These are examples of pressurization events. Principal figures of merit on which “importance” is
defined are critical power (MCPR) and reactor pressure.

. Turbine Trips — initiated by trip of turbine stop valves from full open to full
closed. Analyzed with bypass valves functional, and with bypass failure.

. Generator Load Rejection — initiated by fast closure of turbine control valves
from partially open position to fully closed. This event is analyzed with bypass
valves functioning, and with bypass failure. The turbine control valves may be
initially at the same position (full arc turbine admission) or at different positions
(partial arc turbine admission).

° Main Steamline Isolation Valve (MSIV) Closure — In this case, the scram signal
on valve position is further in advance of complete valve closure. This effectively
mitigates the shorter line length to the vessel available as a compression volume.

° Main Steamline Isolation Valve (MSIV) Closure with Flux Scram — In this
case, the scram signal on valve position is ignored. This event is in the SE category
therefore MCPR is not an applicable figure of merit, the only figure of merit on which
“importance” is defined is the peak RPV pressure.

Phenomena Identification and Ranking 8
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3.1.1.2 Depressurization Events (or depressurization transients)
These are examples of depressurization events.

e Opening of All Turbine Control and Bypass Valves — Simultaneous opening of all
turbine control and bypass valves in normal stroke mode.

e Inadvertent Opening of a Safety Relief Valve— malfunction or an operator-initiated
opening of an SRV.

Since depressurization events lead to increased void in the core, which results in higher MCPR;
therefore, this category of events are not included in the uncertainty analysis.

3.1.13 Decrease in Reactor Coolant Inventory (or Level Transients)

Loss of feedwater flow, Loss of AC power, and station blackout are characteristic of this
category of transient. The IC maintains downcomer water level. Reactor water level in the
downcomer is the principal figure of merit on which “importance” is defined.

3.1.1.4  Decrease in Moderator Temperature (or Cold Water Events)

These are examples of decrease in moderator temperature events. These events challenge MCPR,
which is the principal figure of merit on which “importance” is defined:

e Loss of Feedwater Heating - initiated by isolation or bypass of a feedwater heater.

e Inadvertent Isolation Condenser Injection - initiated by opening the condensate
return valves.

e Feedwater Controller Failure - hypothesizes an increase in feedwater flow to the
maximum possible with all four feed pumps operating at maximum speed.

To determine the phenomena important in modeling anticipated transients, the sequence of
events and system behavior for each class of events should be understood. Tier 2 Chapter 15 of
the ESBWR DCD [61] contains time histories and sequence of events for all transient events
analyzed with TRACG. -

3.1.2 Phenomena Identification and Ranking Table (PIRT) for ESBWR Transients

A table was developed to identify the phenomena that govern ESBWR transient event responses
in Reference [4]. The transient events have been categorized into four groups: (1) pressurization
events; (2) depressurization events; (3) level transients; and (4) cold water injection events. For
each event type, the phenomena are listed and ranked for each major component in the reactor
system. The ranking of the phenomena is done on a scale of high importance to low importance
or not applicable, as defined by the following categories:

e High importance (H): These phenomena have a significant impact on the primary
safety parameters and should be included in the overall uncertainty evaluation. The
table for High and Medium ranked phenomena has been extracted from References
[3] and [4], and is shown in Table 5-1. An example of such a parameter would be the
void coefficient for a pressurization event (C1AX in Section 5.1). The void
coefficient determines the amount of reactivity change due to void collapse during the
transient.

e Medium importance (M): These phenomena have insignificant impact on the primary

Phenomena Identification and Ranking 9
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safety parameters and may be excluded in the overall uncertainty evaluation. An
example of such a parameter would be flashing in the core for a depressurization
event. Vapor production due to fuel heat transfer dominates the effect of flashing in
the core.

e Low importance (L) or not applicable (N/4): These phenomena have no impact on
the primary safety parameters and need not be considered in the overall uncertainty
evaluation. An example of such phenomenon would be lower plenum stratification
during a pressurization event. The pressurization event happens so quickly that even
if there was significant thermal stratification in the lower plenum, it could not impact
the critical parameters before the event was over.

The PIRT serves a number of purposes. First, the phenomena are identified and compared to the
modeling capability of the code to assess whether the code has the necessary models to simulate
the phenomena. Second, the identified phenomena are cross-referenced to the qualification basis
to determine what qualification data are 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 code has been qualified for
the highly ranked phenomena over the appropriate range.

Finally, 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 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 later in this report.

Phenomena Identification and Ranking 10
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Table 3-1
PIRT for ESBWR AOO, IE, and SE Transients
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Table 3-1
PIRT for ESBWR AOQ, IE, and SE Transients
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Table 3-1
PIRT for ESBWR AOO, IE, and SE Transients
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4.0 APPLICABILITY OF TRACG TO TRANSIENT ANALYSIS

The objective of this section is to demonstrate the applicability of TRACG for the analysis of
transient events in ESBWR. To accomplish this purpose, the capability of the TRACG models
to treat the highly ranked phenomena and the qualification assessment of the TRACG code for
AOQ applications is examined in the next two subsections.

4.1  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. 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 3.1.2. The capability of the code to simulate these key phenomena is specifically
addressed, documented and supported by qualification in References [9] and [49].

Important ESBWR phenomena have been identified and TRACG models have been developed to
address these phenomena as indicated in Table 5-1 for the high and medium ranked phenomena.
The models are identified so that they may be easily correlated to the model description sections.

4.2  Model Assessment Matrix

The  qualification @of TRACG models is summarized in  Table 4-1

For each of the governing ESBWR phenomena, TRACG qualification has been performed
against a wide range of data. In this section, the qualification basis is related to the phenomena
that are important for the intended application. This is a necessary step to confirm that the code
has been adequately qualified for the intended application.

The list of ESBWR phenomena is cross-referenced to the qualification basis in Table 4-2. Data
from separate effects tests, component tests, integral system tests and plant tests as well as BWR
plant data have been used to qualify the capability of TRACG to model the phenomena.

Applicability of TRACG to Transient Analysis 15
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Table 4-1
ESBWR Phenomena and TRACG Model Capability Matrix
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Table 4-2
Qualification Matrix for ESBWR AOOQ, IE, and SE Phenomena
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Table 4-2
Qualification Matrix for ESBWR AQQO, IE, and SE Phenomena
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Table 4-2
Qualification Matrix for ESBWR AQO, IE, and SE Phenomena
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5.0 MODEL UNCERTAINTIES AND BIASES

Overall model biases and uncertainties for a particular application are assessed for each high
ranked phenomena by using a combination of comparisons of calculated results to: (1) separate
effects test facility data, (2) integral test facility test data, (3) component qualification test data
and (4) BWR plant data. Where data is not available, cross-code comparisons or engineering
judgment are used to obtain approximations for the biases and uncertainties. Some medium
ranked phenomena have also been included where it was determined not negligible. For some
phenomena that have little impact on the calculated results, it is appropriate to simply use a
nominal value or to conservatively estimate the bias and uncertainty.

The phenomena for ESBWR transients have already been identified and ranked, as indicated in
Section 3.0. For the high and medium ranked phenomena, the bases used to establish the
nominal value, bias and uncertainty for that parameter are documented in Section 5.1. Also, the
basis for the selection of the probability density function used to model the uncertainty is
provided in Section 5.1. The bias and uncertainty are implemented in TRACG through special
input parameters designated as “PIRT multipliers”.

5.1 Model Parameters and Uncertainties

This section discusses the uncertainties associated with each PIRT item in Table 3-1. Both high
and medium ranked parameters (except those identified as bounding inputs) relevant to ESBWR
transient events have been included in the analysis. The results are summarized in Table 5-1.

Model Uncertainties and Biases 38
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Table 5-1
High and Medium Ranked Model Parameters for ESBWR AOO, IE, and SE Transient
Analysis
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Table 5-1

High and Medium Ranked Model Parameters for ESBWR AQOOQ, IE, and SE Transient
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A6  Mixing/Condensation/Void Collapse/Inlet Subcooling H

Condensation and void collapse in the lower plenum are controlled by liquid-side interfacial heat
transfer. TRACG uses the Lee-Ryley correlation [8] for liquid-side heat transfer in bubbly flow
regime. The bubble diameter used in the calculation of the interfacial area is based on a critical
Weber number [8]. [[

]] Following the
procedure previously adopted for the AOO application [3] the magnitude of the interfacial heat
transfer at the bubble surface was varied from [[ 1] of the nominal value with a
log-normal probability distribution, [[

]] For sub-cooling distribution see the E4 discussion related
to azimuthal nodalization.

B1 Bypass Flashing, M

Void collapse or flashing is controlled by the liquid side interfacial heat transfer in the TRACG
model. The uncertainty is defined in Item C4. The effect on the transient response was found to
be negligible for a typical BWR/4 pressurization event, since the bypass void fraction is near
zero. Bypass flashing can only occur for depressurization events and was only given a medium
ranking for this event. For a pressurization event, there is no void in the bypass and the
sensitivity to the interfacial heat transfer for a typical BWR/4 pressurization event is found to be
0.0 on the ACPR/ICPR.

B2 Bypass Two-Phase Level, M

The bypass two-phase level is controlled by the vapor generation and the relative velocity
between the phases or void drift. Flashing and wall heat transfer determines the vapor generation
and is controlled by the interfacial and wall heat transfer. The uncertainty in the interfacial heat
transfer is defined in B1. The uncertainty in the wall heat transfer in defined in Items C1 and C2.
The relative velocity between the phases is determined from the balance between buoyancy and
interfacial shear. The uncertainty in the interfacial shear is defined in Item C2AX.

Bé6 Channel - Bypass Leakage Flow, H

([ ]] The basis for this uncertainty is
described in Item C11.

B13 Bypass Direct Moderator Heating, M

The direct moderator heating is the result of energy released into the moderator as the fast
neutrons are slowed down and due to gamma absorption.

C1AX Void Coefficient, H

TRACGO04 uses a 3-D neutron kinetics model based on the PANACI11 [7] neutronics parameters.
The nodal reactivity is calculated [[ ,

]]. All of these
parameters are correlated in terms of the moderator density. The infinite multiplication factor is
also dependent on [[ Jlmoderator density and nodal exposure.
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The biases and uncertainties in void coefficient as determined from the PANACI11 models are
predominantly due to biases and uncertainties in the infinite lattice eigenvalues (k) calculated

by the TGBLAOG lattice physics code. Values of & at [[ 1] points were calculated for a

representative set of [[ 1latticesat [[  ]]different exposures for in-channel voids of [[
]JJusing both TGBLA06 and MCNP. The results for each lattice and exposure were

fittoa[[ ]] function to determine k&, as a function of voids. These functional forms

were extrapolated to obtain [[ ]] values of k. corresponding to 100% in-channel

voids. The void coefficients at a total of [[ 1] points were defined separately for TGBLAO06
and MCNP by evaluating the derivative of & [[

]]. Biases and uncertainties in

TGBLAO6 void coefficients were evaluated by performing [[ 11 comparisons between

TGBLAO6 and the corresponding MCNP benchmark values. These assessments were made

using uncontrolled lattices (lattices without a control blade). An earlier independent set of
I 1] other TGBLAO4 lattices all at zero exposure were evaluated [[

]las a check on the process. The check set using TGBLA04 comparisons to MCNP included

If ]] controlled lattices to confirm that the uncontrolled lattices bound the biases and

uncertainties for the controlled lattices. Because of the similarity in the TGBLAO4 and

TGBLAO6 comparisons, the comparisons based on TGBLAO06 using uncontrolled lattices are
also expected to bound the biases and uncertainties for the controlled lattices.

The set of [[ 1] points was reduced to [[ ]] by eliminating [[ 1] outliers outside the
+2.17 sigma range. The remaining [[ 11 were used to correlate the biases and uncertainties
in the void coefficient as a function {[ ]lin

order to obtain response surfaces that are modeled in TRACGO04. The fraction of the total water
volume that is inside the channel box excluding the water rods is given by “g”. A typical value
isg=1[ ]]. For values of p, and p, representative of operating pressures, and for
conditions where the void fraction remains zero in the water rods and bypass, a typical value for
the relative water density averaged for the lattice is related to the in-channel void fraction [[

1]. Curves of the percentage biases and standard deviations for void coefficient
are shown in Figure 5-1 and Figure 5-2 for the various exposures that were considered in
developing the response surfaces.
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[

11
Figure 5-1. Void Coefficient %Bias

|

1
Figure 5-2. Void Coefficient %Standard Deviation
Note: The parametric curves have the units of GWd/ST for each exposure point.
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The void coefficient biases and uncertainties are implemented in TRACGO04 calculations

I

]]. Consider a representative in-channel void fraction of 40% and a core-average
exposure of 15 GWd/ST. For a= 0.4, [4] indicates that the bias is around ([ ]1. The
standard deviation from [4] is [[ 1] at this condition. For low exposures, the uncertainties
tend to be [[

]]. As the poison is burned and the bundles approach their peak reactivity and
power, the void coefficient bias and uncertainty [[ 11

TRACGO04 internally models the response surfaces for the void coefficient biases and
uncertainties in order to account for the known dominant dependencies due to relative moderator
density and exposure [[ J1. Cross sections are generated within TRACG04
using data from the lattice physics code that gets passed through via the PANACI11 wrap-up.
Thus, the lattices are explicitly modeled. [[

]]. Thus, the normality of the [[ ]] residual errors can be tested at each of these
locations. This is what was done to get the P-values presented in Table 5-2. All the P-values
except for one are significantly larger than the 0.05 threshold required to confirm normality and
reach the conclusion that it is appropriate to assume that the residual errors are random [[

1]. The single set of [[ 1] points that fails the normality test
produces a low P-value because the sample distribution is more centrally concentrated than what
is expected for a normal distribution; therefore, it is conservative to model the sample
distribution using an assumed normal distribution because that will predict wider scatter than the
sample indicates. :

TRACGO04 input has been structured to allow the internally calculated uncertainties to be
correlated [[

. 1
For most fast pressurization events, the impact of not modeling the void coefficient biases is on
the order of [[ ]] in calculated values of transient ACPR/ICPR. Whether the bias is

conservative or not depends on the exposure distribution and the relative water density
distribution in the core.

For sensitivity studies, a core-wide bias and uncertainty in void coefficient can be specified
through the TRACGO4 input. As an example of the importance of the void coefficient
uncertainty, consider that for a typical BWR/4 plant an [[ ]] variation in the void coefficient
when applied to all nodes in the core corresponds to a sensitivity of [[ 1] in the ACPR/ICPR
for a turbine trip without bypass.
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Table 5-2
Normality Test P-Values For The Void Coefficient Residual Errors
Void -
i Il Avg Stdev Min
Exp J
[
11

C1BX Doppler Coefficient, H

TRACG uses a 3-D neutron kinetics model based on the PANACI11 [7] neutronics parameters.
Fuel temperature affects resonance absorption in uranium and plutonium. [[

1
C1CX Scram Reactivity, H

I

1l
C1DX 3-D Kinetics and Power Shape, H
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TRACG has a 3-D neutron kinetics model, based on the PANACI11 formulation [7]. [[

]] The TRACG kinetics model has been
qualified against the Peach Bottom turbine trip tests and several stability tests/events [9].
Steady-state power distribution comparisons have been made with data from several plants [9],
[49] and PANACEA predictions. [[

1]
C2AX Interfacial Shear, H

The core void fraction and void distribution are calculated by TRACG with its interfacial shear
models. [[

: 11 This uncertainty is
covered by the subcooled boiling model (C2BX).

C2BX Subcooled Boiling, H

For transients, interfacial heat transfer is a factor only in the subcooled boiling region. The void
fraction in the subcooled flow regime is quite insensitive to the magnitude of the heat transfer
coefficients at the interface between the bubbles and the subcooled liquid, as long as a reasonable
value is used. The void fraction is more sensitive to the liquid enthalpy at which net vapor
generation occurs (hy), and to the distribution of the surface heat flux going into vapor
generation versus liquid superheat at the wall (q”). The Saha-Zuber criterion is used for hyg and
the Rouhani-Bowring model is used to calculate the fraction of the wall heat flux to the liquid,
q"1 [52]. Of these, the void fraction is most affected by hyq. Reference [52] shows that the
scatter in the prediction of the subcooling at the net vapor generation point, hs - hy, can be
bounded by + [[ 1. Reference [3] recommends a [[

11
C3AX Pellet Power Distribution, H

The pellet power distribution is calculated by lattice physics codes and provided as an input to
TRACG [8]. Uncertainties in this parameter are reflected in the pellet temperature distribution,
which is the parameter for which data are available. [[

]] Sensitivity studies show that the distribution calculated by lattice physics codes
provides conservative results compared to a flat power distribution.
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C3CX Gap Conductance, H; C3BX Pellet Heat Transfer Parameters M, C26 Stored
Energy H

The uncertainties in gap conductance, pellet power distribution and pellet conductivity are
lumped into a single uncertainty in the pellet conductivity, while the nominal values for the gap
conductance and pellet power distribution are used. The TRACG fuel rod model is based on the
GESTR model [27]. The uncertainty in measured fuel centerline to coolant temperature
differences is [[ ]J] and includes uncertainty in gap size and conductance, pellet
conductivity and power distribution. The uncertainties in pellet power distribution, pellet
conductivity and gap conductance are lumped into a single uncertainty in the fuel conductivity,
in qualifying the overall model against fuel temperature data. [[

1] By
taking all the uncertainty in the pellet conductivity, the impact of the fuel thermal properties is
conservatively maximized. .

C8X Void Collapse, H

Void collapse or flashing is controlled by the liquid side interfacial heat transfer in the TRACG
model. [[

1] Because there are no data to calibrate the magnitude of the interfacial
heat transfer at the bubble surface, [[

]]1 This was judged to be a large enough range to study the
effects of interfacial heat transfer on the ACPR. A [ ]] distribution is chosen
because it works well when the upper and lower bounds are the same factor applied to the base
and will tend to not bias the result when the parameter is varied randomly. The effect on the
transient response was found to be very small, for a typical BWR/4 pressurization event the
sensitivity to the interfacial heat transfer was found to be in the order of [[ ]] on the
ACPR/ICPR. The small sensitivity of the parameter is such that further refinement of the
distribution is not necessary.

C1  Nucleate Boiling Wall Heat Transfer, H

Nucleate and subcooled boiling heat transfer is calculated using the Chen correlation [81[50][51].
The Chen correlation has been correlated against a large database, and the standard deviation for

the combined data set is [[ 11. For a typical BWR/4 plant, a [[ ]} variation in the
subcooled and nucleate boiling heat transfer coefficient corresponds to a sensitivity of
[ ]] in the ACPR/ICPR for a turbine trip without bypass transient.

C2 Subcooled Boiling Wall Heat Transfer, H

Nucleate and subcooled boiling heat transfer is calculated using the Chen correlation [8][50][51].
The uncertainty of the Chen correlation and the sensitivity are defined in Item C1.

Model Uncertainties and Biases 47



NEDO-33083 SUPPLEMENT 3

1l

11
Figure 5-2. Normality Test for the Total DMH Residual Errors

C3  Variable Gap Conductance, H

Variable gap conductance is included in TRACG through the GESTR model [27]. Use of the
GESTR dynamic gap model produces conservative ACPR results when compared to a constant
gap conductance model. [[

1l
C4  Flashing, H

Interfacial heat transfer is considered for subcooled voids through the uncertainty in the point of
net vapor generation, void collapse in pressurization transients and flashing during
depressurization transients. [[
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1] Because there are no data to calibrate the magnitude
of the interfacial heat transfer at the bubble surface, a sensitivity study was performed by ranging
the value from [[ ]] of the nominal value. This was judged to be a large enough

range to study the effects of interfacial heat transfer on the ACPR. A [ i
distribution is chosen because it works well when the upper and lower bounds are the same
factor applied to the base and will tend to not bias the result when the parameter is varied
randomly. The effect on the transient response was found to be very small, for a typical BWR/4
pressurization event the sensitivity to the interfacial heat transfer was found to be in the order of
([ ]] on the ACPR/ICPR. The small sensitivity of the parameter is such that further
refinement of the distribution is not necessary.

C8 Parallel Channel Flow Distribution, H

The flow distribution between parallel flow paths such as the fuel channels in the core is
controlled by the hydraulic characteristics of the channels. [[

11
C10 Void Distribution, H

[
1

C11 Channel - Bypass Leakage Flow, H
[

1
C12 Natural Circulation Flows, H

Natural circulation is controlled by a balance between buoyancy and friction. [[

1
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C13 Margin to Dryout / Boiling Transition, H; C27 Critical Power for 10 ft. Core, H

Dryout is calculated to occur when the critical power/quality is exceeded. Therefore, the
uncertainty in the margin to dryout is covered by the uncertainty in the critical power/quality.

TRACG calculates critical power using the GEXL correlation, which is derived from full-scale
ATLAS data covering the expected range of plant operation. Fuel type specific GEXL
correlations and corresponding uncertainties will be used for the analysis. The GEXL correlation
typically has a small bias and a standard deviation of approximately 3%.

The ESBWR uses standard GEH fuel [[

1]. The boiling length
correlation is well suited for application to different heated lengths. The GEXL correlation
database covers boiling lengths that span the range for a 10 ft. length bundle. COBRAG
calculations have also been made for the shorter length bundles. Based on these considerations,
the use of the standard GEXL correlation with a standard deviation of 3.4% is adequate from
NED-33237 [70].

In the determination of the operating limit the uncertainty in the critical power is accounted for in
the GESAM analysis of OLMCPR (Section 7.3), and therefore the uncertainty in the steady state
critical power should not be included in determination of the transient ACPR. TRACG has been
compared to transient ATLAS tests simulating typical BWR transients [9]. [[

]]. Since the error in predicting the transient ACPR is
small compared to the uncertainty in the GEXL correlation, it is not necessary to include an
additional uncertainty for this term.

TRACG calculates the minimum film boiling temperature as the maximum of the homogeneous
nucleation temperature and the Iloeje correlation [8]. [[

: I
C24 Core Pressure Drop, H

The core pressure drop is composed of static head given by the void fraction, acceleration
pressure drop and friction. The uncertainty in the core pressure drop is therefore covered by the
uncertainty in the interfacial shear and friction. The uncertainty in interfacial shear is defined in
Item C2AX.

Based on rod bundle and tube pressure drop data, it is judged that [[ 1lis
adequate to cover uncertainties in bundle frictional pressure drop and [[ 11 is adequate for
all other applications [3]. The side entry orifice and lower tie plate frictional pressure drop is
based on full-scale measurements for conditions covering typical reactor operating conditions.
Data from GE’s single-phase pressure drop test facility show that the uncertainty for the
combined pressure drop for the side entry orifice and the lower tie plate pressure drop is
approximately [[ 11
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The spacer frictional pressure drop is based on full-scale measurements for conditions covering
the range of expected reactor conditions. For 9x9 and 10x10 fuel spacers the uncertainty in the
pressure drop for the spacers is determined from full-scale ATLAS data and varies from [[

]ldepending on bundle type. An uncertainty of [[ 11 is adopted for use in the
analyses for all bundle types [3].

The upper tie plate frictional pressure drop is based on full-scale measurements for conditions
covering the range of expected reactor conditions. For 9x9 and 10x10 fuel upper tie plates, the
uncertainty in the pressure drop is 4% [3].

Qualification of TRACG against full-scale bundle pressure drop data from the ATLAS facility
for an 8x8 bundle with ferrule spacers [9] has shown that TRACG predicts the bundle pressure
drop [[ ]1. These comparisons justify the
above uncertainties for the side entry orifice, lower tie plate, spacers and upper tie plate.

For the purposes of bounding all components of the core pressure drop, a [[
Jluncertainty is applied to the spacer loss coefficients for the limiting channels.

C25 Decay Heat, M

The nominal curve for decay heat is the 1979 ANS 5.1 standard [59]. It is estimated (see
Appendix B of Reference [27]) that the standard deviation for the 1979 ANSS5.1 standard is of
the order of [[ ]1. Decay heat is an
operating state variable which is not measured in the plant; variation from the nominal curve are
due mainly to the effect on decay heat of differing operating histories, with a small part for
scatter of verification data.

E2 Downcomer Void Profile / Two-Phase Level, H
(L

1] These data are characterized by their applicability to the
prediction of void fraction in regions with relatively large hydraulic diameter. Accordingly, they
will be used as the basis for defining the uncertainty in interfacial drag in all regions of the
reactor except the core and bypass. A statistical summary of the comparisons of TRACG
predictions with measurements from these four data sets, combined as a single set of deviations,
is shown in Figure 2.4-1 of [4]. [[

11

An appropriate multiplier range for the interfacial drag coefficient was obtained by determining
the dependence of void fraction on interfacial drag with the TRACG model of the EBWR test
facility. On the basis of these results, a multiplier range of [[

1
I
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1]
E4 3D-Effects, H

This only affects the IICI, that bounding modeling with TRACG is performed, [[

11
Eé6 Downcomer Flashing, H

The flashing of superheated liquid is controlled by the interfacial heat transfer. The uncertainty
in the interfacial heat transfer is defined in Item C4. [[

1l
E7 Feedwater Sparger Uncovery - Condensation, H

The uncovery of the feedwater sparger is controlled by the two-phase level in the downcomer
and is defined in Item E2. Uncertainty in condensation on subcooled feedwater is covered
through the uncertainty in condensation heat transfer and is defined in Item C4.

F1 Upper Plenum Void Profile / Two-Phase Level, H

The uncertainties in the chimney/upper plenum void distribution and two-phase level [{

1
) | Separator Characteristics — Carry Under, H

TRACG calculates the carry-under from a mechanistic model for the separator, solving the axial
and angular momentum equations. The TRACG uncertainty [[ 1} in the calculation of
carry-under for comparisons to two and three stage separator data is of the order of [[ 1] of

the total separator flow [43] through [46]. The error in the carry under for most of the data falls
within the interval {[ ]]. Based on the recommendations in Reference [9], [[

11
12 Separator Inertia, H

The separator inertia (L/A) has a small effect on the ACPR in pressurization transients. Reduced
inertia increases the severity of the calculated transient. The spiraling liquid film along the
separator barrel primarily determines the separator inertia. In Reference [9], a value of [[

11 Results of the
sensitivity studies have shown that the impact of a [[ 1] variation in the separator inertia is
very small. It is not necessary to refine the range further because of the insensitivity of the
results to this parameter.
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I3 Separator Pressure Drop, H

The loss correlations for the separator pressure drop in TRACG are best fit to two and three stage
separator pressure drop data. [[

]] It is not necessary to refine the range further
because of the insensitivity of the results to this parameter.

L1 Critical Flow, H

Critical flow data were obtained from the PSTF Vessel Blowdown, Marviken and GIRAFFE SIT
Tests [49]. Section 3.3.4 of Reference [49] presents a summary comparison between TRACG
calculations and critical flow measurements for liquid, two-phase and steam blowdown from two
Marviken and three PSTF Vessel Blowdown Tests. The bias and standard deviation of the
combined data set have been calculated in accordance with the statistical weighting procedure
described in Reference [49]. TRACG calculates the combined PSTF/Marviken data set with a

[
1

A quantitative evaluation of TRACG accuracy was also made on the basis of the break flow at
20 minutes from test initiation and the maximum break flow for each of the four GIRAFFE SIT
tests [49]. TRACG calculates the break flow at 20 minutes after test initiation with a [[

1] The maximum break flow is calculated with
al[ ]] The maximum break flow in
these simulations is in the critical flow regime.

Based on the composite results above, [[

1l
L3 Steam Line Pressure Drop, H

The total pressure drop in the steam line at the time of a turbine trip affects the propagation of
the pressure pulse up the steam line. A smaller pressure drop results in a more severe transient.
Uncertainties in the steam line losses are not expected to be large. The friction factor
correlations in TRACG [8] predict smooth pipe pressure drop in single-phase flow with an
accuracy of [[ 1] and rough pipe data within [[ ]]. Based on this data, it was judged

that, [[
1

L2X Steam Line Acoustic Effects, H
Sudden closure of the turbine stop valves or control valves results in the propagation of a
pressure pulse at sonic speed from the valve to the steam dome. The timing of the arrival of the

pressure pulse has a significant impact on the severity of the transient. The propagation of the
pulse may be affected by uncertainty in the sonic propagation velocity for the steam. [[
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1
Q1 IC Pressure drop, H

This determine the cold water drainage from the IC in the initial part of the actuation, [[

1
Q2 IC Tube Side Condensation Capacity, H; QS IC Secondary Side Heat Transfer, H

TRACG utilizes the Kuhn-Schrock-Peterson correlation [69] for the calculation of condensation
heat transfer inside tubes. [[

1l

The IC secondary side heat transfer is controlled by the nucleate pool boiling phenomenon,
which is modeled by the Forster - Zuber correlation in TRACG. The Forster-Zuber correlation
typically falls in the middle of other well-known correlations used for pool boiling. [[

1] This is not the limiting

" resistance for heat transfer across the IC tube wall, and the sensitivity to the assumed uncertainty
is small.

Comparisons with prototypical PANTHERS data [49] have shown good agreement between the
measured and predicted heat transfer. The IC heat removal rate was calculated with [[

11{49].

Uncertainties in the wall conduction are also included in this PIRT. It should be noted that the
PANTHERS tests were carried out with clean tubes and do not include the effect of crud
formation that may occur with continued IC operation. [[

1l
R1 Flow Dynamics, H; R2 Temperature Dynamics, H

In the ESBWR these can affect the response of the transients because the sub-cooling transients
are limiting, therefore bounding parameters will be used for the analysis of the transients affected
by the FW dynamics and temperature.
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5.2 Effects of Nodalization

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 was then applied for full-scale plant calculations. The adequacy of the
nodalizations has been demonstrated and is supported by sensitivity studies. Standard
nodalizations for modeling of ESBWR reactor vessels and other components have been
presented in the TRACG Qualification for SBWR [49]. The nodalization applied for the RPV,
fuel, and reactor internal components is the same as that used for ATWS and stability analysis.

5.3 Effects of Scale

Effects of scale have been specifically addressed as part of the model development as well as the
qualification. In the TRACG model description report [8], the applicability of the basic models
and correlations are stated and shown to cover the scale and operating range of ESBWR. The
qualification of TRACG [9][49], covers separate effects tests, scaled as well as full-scale
component performance tests, scaled integral system effects tests, and full-scale BWR plant
tests. The qualification shows that both data from scaled test facilities as well as full-scale plant
data are well predicted by TRACG. In addition demonstrations of the application methodology
for TRACG [3] for operating BWRs have shown that full-scale plant data are bounded, when the
effect of the model uncertainties are accounted for. While there are no ESBWR plant data, most
of the important phenomena for ESBWR transients are the same as for operating plant transients.
This provides confidence in the ability of TRACG to calculate ESBWR plant transients.
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6.0 APPLICATION UNCERTAINTIES AND BIASES

6.1 Input

This section discusses how input is treated with respect to quantifying their impact on the
calculated results. As such, it serves as a basis for the development of the application specific
procedures.

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. Uncertainties in these
quantities are due to measurement uncertainties and manufacturing tolerances. These
uncertainties usually have a much smaller impact on the results than do other uncertainties
associated with the modeling simplifications. When this is not the case, the specific uncertainties
can usually be quantified in a straightforward manner. For example, consider the [[ N
channel flow area uncertainty that is considered as part of the Operating Limit MCPR
(OLMCPR). This uncertainty is determined from the manufacturing tolerances on the inner
dimensions of the channel box and the outer diameter of the fuel and water rods. It is known that
neglecting this uncertainty causes the calculated OLMCPR value to be non-conservative by no
more than [[ 11 Even though channel flow area is considered to be important, the
impact associated with the uncertainty in this parameter is small.

Individual geometric inputs are the building blocks from which the spatial nodalization is built.
Another aspect of the spatial nodalization includes modeling simplifications such as the lumping
together of individual elements into a single model component. For example, several similar fuel
channels may be lumped together and simulated as one fuel channel group. An assessment of
these kinds of simplifications, along with the sensitivities to spatial nodalization, is included in
the TRACG Qualification [9].

Model selection inputs are used to select the features of the model that apply for the intended
application. Once established, these inputs are fully specified in the procedure for the
application and will not be changed.

A distinction has been made in this document between initial conditions and plant parameters.
Obviously, when specified in absolute units, the initial rated conditions for a nuclear power plant
are specific to the plant and thus have in some documents been considered as plant parameters.
In this document we consider initial conditions to be those key plant inputs that determine the
overall steady-state nuclear and hydraulic conditions prior to the transient. These are inputs that
are essential to determining that the steady-state condition of the plant has been established.
Initial conditions parameters and the uncertainties associated with them are addressed in Section
6.2.

The name plant parameter, on the other hand, is reserved for such things as protection system
setpoints, valve capacities and stroke times, and scram characteristics that influence the
characteristics of the transient response but which do not (when properly prescribed) have an
impact on steady-state operation. Plant parameters and the uncertainties associated with them
are addressed in Section 6.3.
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6.2 Initial Conditions

Initial conditions are those conditions that define a steady-state operating condition. Initial
conditions for a particular transient scenario are specified in the procedure for the application.
For example, the procedure may specify that the calculation be performed at the end-of-cycle
exposure at 100% of rated power and flow using a power and exposure distribution that has been
obtained from a prescribed process.

Initial conditions may vary due to the allowable operating range or due to uncertainty in the
measurement at a given operating condition. The plant Technical Specifications and Operating
Procedures provide the means by which controls are instituted and the allowable initial
conditions are defined. At a given operating condition, the plant’s measurement system has
inaccuracies that also must be accounted for as an uncertainty. The key plant initial conditions
are identified in Table 6-1. The analyses performed must maintain consistency with the allowed
domains of operation. The impact of the initial condition on the results is characterized in the
following manner: :

e The results are sensitive to the initial condition and a basis for the limiting initial
condition cannot be established. Future plant analyses, e.g., the reload licensing
analyses, will consider the full allowable range of the initial condition.

e The results are sensitive to the initial condition and a basis for the limiting initial
condition can be established. Future plant analyses, e.g., the reload licensing
analyses, will consider the parameter to be at its limiting initial condition.

e The results are not sensitive to the initial condition and a nominal initial condition
will be assumed for the parameter.

e FEach initial condition is monitored through the use of plant sensors or simulated
prediction. Because of instrument or simulation uncertainty, the plant condition may
vary from the indicated value. The results are characterized in the following manner:

o The results are sensitive to the uncertainty in the initial condition and the
uncertainty in the initial condition will be included in the statistical analysis.

o The results are not sensitive to the uncertainty in the initial condition and the
uncertainty does not need to be accounted for.

o The impact of the total uncertainty in initial conditions must also be quantified for the
critical safety parameters such as ACPR/ICPR, peak vessel pressure and water level.
Some of these uncertainties may already be considered by other means. The
evaluation, which addresses the characterization, is contained in this section.
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Table 6-1
Key Plant Initial Conditions

I

1l
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6.3 Plant Parameters

A plant parameter is defined as a plant-specific quantity such as a protection system setpoint,
valve capacity or stroke time, or a scram characteristic, etc. Plant parameters influence the
characteristics of the transient response and have essentially no impact on steady-state operatlon
whereas initial conditions are what define a steady-state operating condition.

For each plant parameter, a conservative value corresponding to the analytic limit is defined.
The analytic limit (AL) is the value used for the transient licensing analyses. In many cases, the
value used for the AL can be related to a plant Technical Specifications, since most of the plant
parameter values that are important for AOO/IE transient responses are related to processes that
are controlled by the plant Technical Specifications. These parameters may be periodically
measured at the plants to assure compliance with the Technical Specifications. Performance and
uncertainties for the processes that the Technical Specifications are designed to control are based
on manufacturing specifications, performance data as well as required surveillance. A Technical
Specification value will usually be in terms of a maximum or minimum acceptable value that
bounds the entire population of values that are measured at the plant.

The Technical Specifications values may be used to define the analytic limits used for the
licensing analyses. The previous BWR licensing basis specified bounding Technical
Specifications values for most of the plant parameters. This is one acceptable way by which
conservatism can be added to a “best estimate” methodology. Another option for establishing
plant parameters is to establish an uncertainty in the parameter. For example, the NRC has
accepted (AOO analysis Option B for operating plants) a faster scram speed when used together
with considerations of the uncertainties in the scram speeds. This approach is supported by
surveillance procedures at the plant, whereby the scram times are measured. The uncertainty in
the scram times is then accounted for in the AOO/IE analyses as part of the statistical
methodology.

The reactor scram is the most effective plant system for mitigating the severity of a transient.
The plant Technical Specifications provide surveillance requirements to ensure control rod
operability and scram times. The scram times used for the analysis depend on the type of
transient analyzed. Table 6-2 shows the analytical scram speed characteristics for the ESBWR.
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Table 6-2
Analytical Scram Speeds For ESBWR

[

1l
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7.0 COMBINATION OF UNCERTAINTIES

A proven Monte Carlo technique is used to combine the individual biases and uncertainties into
an overall bias and uncertainty. The Monte Carlo sample is developed 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 is
generated for code output of the primary safety criteria parameters.

In order to determine the total uncertainty in predictions with a computer code, it is necessary to
combine the effects of 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 summarizes the method
used for combining uncertainties for the AOO/IE application. This is the same approach that has
been successfully used and approved for analyses of AOQ/IE transients for operating plants [23].

7.1  Recommended Approach for Combining Uncertainties

A relatively small number of TRACG runs suffice to determine 95/95 One-Sided Upper
Tolerance Limits (OSUTL) for TRACG output variables. Either the Normal Distribution -
OSUTL (ND-OSUTL) method or the order statistics (OS) method is used based on whether the
output distribution is normal. These runs (trials) are made with certain inputs selected randomly,
considering the range and distribution of the uncertainties in the inputs.

7.1.1 Order Statistics (OS) Method — Single Bounding Value

The Monte Carlo method that has been used in Germany by Gesellschaft fiir Anlagen-und
Reaktorsicherheit (GRS) [31] requires only a modest number of calculations, and automatically
includes the effects of interactions between perturbations to different parameters. In the OS
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
the void coefficient might be set at a -1.5c value, interfacial shear might be set to a value of
+2.00, each according to its own probability model. In this 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., ACPR/ICPR, 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 7-1 illustrates this 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 » times to
define the sample values of the output parameter of interest for the particular transient under
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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(x,,...,Xx,) of the data x,,...,x, (which will be the values of an

output parameter of interest in a set of Monte Carlo trials), defined by two numbers
0 < a, B <1, so that the proportion of future values of the quantity of interest that will be less
than U is 100a%, with confidence at least 1008% --- this is called an OSUTL with 100a%-
content and (at least) 100p% confidence level.

The order statistics method, 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 a and 3, the OSUTL can be defined as the largest of
the data values, provided the sample size n > log(1-f)/loga [32]. For 95%-content and 95%

confidence level, the minimum sufficient sample size is n=59.

The order statistics method is generally applicable, irrespective of the probability distribution of
the data, and requires only that these be like outcomes of independent random variables with a
common probability distribution.

If the method is implemented as described above, whereby the sample size (59) was chosen so
that the sample maximum is the upper tolerance bound sought (95% content with 95%
confidence), then this bound, as a random quantity, has variability that is typical of the maximum
of a sample of that size, which can be substantial, and occasionally may yield an overly
conservative bound.

To mitigate this variability, one can choose a suitably larger sample size so that the bound sought
is now given by the second or third largest sample value. For example, the 95% content with
95% confidence tolerance bound is the third largest observation in a sample of size 124. Just for
the sake of illustration, in normal (that is, Gaussian) populations its variability is about one half
of the variability of the maximum in a sample of size 59; and in the more heavily-tailed
Student’s ¢ distribution with 4 degrees of freedom, the variability of the third largest in a sample
of size 124 is about one third of the variability of the maximum in a sample of size 59.

The following table summarizes the sample sizes that are required, when the bound is the largest,
the second largest or the third largest order statistic, all for 95% content and 95% confidence:

Order Statistic | Sample Size
Largest 59

2" Largest 93

3% Largest 124
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X1=PDF1(SEED1)  X2=PDF 2(SEED2) e ee Xn=PDFN(SEEDN)

~ |

TRACG Process
Models

|

Yi=F (X1,X2...XN)

PDFY=Yi(i=1...M)

Key Output Parameter (i.e., ACPR)
Figure 7-1. Schematic Process for Combining Uncertainties

7.1.2 Normal Distribution One-Sided Upper Tolerance Limit

If the data that the tolerance bound will be derived from can reasonably be regarded as a sample
from a normal (that is, Gaussian) probability distribution, then this normal distribution one-sided

upper tolerance limit (ND-OSUTL) is of the form:

ND-OSUTL,, =5 +2,,°8 (7-1)

where ¥ denotes the average of the outcomes of the TRACG trials, and s denotes their standard

deviation, and the factor z, g is chosen to guarantee 100a%-content and 1003% confidence level.
Since this factor z,p depends on the assumption of normality for the data, one must first
ascertain whether the data does indeed conform to the Gaussian model, typically using one or
several goodness-of-fit tests: for example, Ryan-Joiner’s, Shapiro-Wilk’s or Anderson-Darling’s.
The values of z, g are tabulated in many statistical textbooks [32] as factors for one-sided normal
tolerance limits. For example, for a sample of size n=59, and a 95% content and a 95%
confidence level, zgs9s = 2.024. As the sample size n increases, this factor approaches 1.645,
the 95™ percentile of the standard normal distribution. Unlike the order statistics method, this
ND-OSUTL method does not require specific minimum sample sizes; but it does require
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normality. If the data are unlikely to have originated from a normal population, then one should
use the order statistics method.

7.1.3 Advantages of Recommended Method
This approach to determine the total uncertainty has several advantages over other approaches:

e 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
input parameters varied. The number of trials required depends only on the content
(or, coverage) and on the confidence level of the tolerance bounds to be derived from
the results of the TRACG trials.

e 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
on the output of interactions between input parameters, as one must do to develop a
response surface. (It is still necessary to specify dependencies between input
parameters.)

e 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 specified with a normal distribution.

e 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 OSUTLs, to the extent that they are order statistics, will
vary from one set of TRACG trials to another, and these differences may be substantial,
especially for small sets of TRACG trials, and particularly if the tolerance bound is the sample
maximum. The ND-OSUTL method, on the other hand, provides an OSUTL that typically is
less sensitive to the particular values in the sample of TRACG trial values, but depends on the
output variable 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 by means of
one or several goodness-of-fit tests. If the PDF of the output variable does not appear
incompatible with the normal model, then the ND-OSUTL method is used for the OSUTL,
otherwise the order statistics method is used.

7.2  Implementation of Statistical Methodology

The purpose of this section is (1) to describe the process by which the statistical results will be
used to determine the Operating Limit Minimum Critical Power Ratio (OLMCPR), and (2)
establish that fuel thermal/mechanical performance; peak vessel pressure and minimum water
level have acceptable margins to design limits. The application to the latter three is
straightforward, and is discussed in the next section. The determination of the OLMCPR is more
involved, and is detailed in the subsequent sections.

Combination of Uncertainties 64



NEDO-33083 SUPPLEMENT 3

To implement TRACG in ESBWR, statistical studies have been performed in Section 8 for each
category of AOO (i.e., pressure increase, moderator temperature decrease, ...etc.).

7.2.1 Conformance with Design Limits

The method described in Section 7.1 is applied in the following process. The number of trials
may be increased to achieve any required confidence level for the conclusions of the statistical
analysis.

= Identify all high and medium ranked parameters’ uncertainties from Section 5.0 for the
scenario (event group) to be analyzed. These parameters will be utilized in the statistical
analysis.

= Perform a set of 59 random trials (which would permit using the largest order statistic as
a 95/95 tolerance bound if needed). The number of trials may be increased to increase
the confidence in the conclusions of the statistical analysis.

[

1

[
11

For the key outputs considered:

I

1l

1l
1l

7.3 Determination of OLMCPR

The purpose of this section is to describe the process of determining the OLMCPR. This process
combines the transient uncertainty with the uncertainties included in the evaluation of the Safety
Limit Minimum Critical Power Ratio (SLMCPR) in forced circulation BWR’s using the ODYN
methodology [38]. The process allows for the direct calculation of the Number of Rods Subject
to Boiling Transition (NRSBT) for a transient occurring from an initial operating condition
corresponding to the OLMCPR. The process followed for the ESBWR is identical to that
approved for the operating plants. Section 7.3.1 and 7.3.2 describes this process.

For the ESBWR the process is performed for the AOOs and IEs separately based on the NRSBT
appropriate for the event category. Then the plant OLMCPR is set to the maximum of the
OLMCPR(AOO) or OLMCPR(IE).
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7.3.1 Details of Process of OLMCPR(AOOQO) Calculation
[l

1
[
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[
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Figure 7-2. Generic ACPR/ICPR Uncertainty Development

[l

I
Figure 7-3. NRSBT Determination
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7.3.2 Calculation of OLMCPR(IE)

The acceptance criteria for IEs are based on radiological consequences. The radiological
analysis is based on analysis of 1000 failed fuel rods. All rods that enter boiling transition are
assumed to fail [61]. In order to determine the number of rods in boiling transition following IEs
the same process is used as the process to determine the OLMCPR for AOOs. The change is the
nominal value and statistical variation of the ACPR/ICPR is based on analysis of IE analysis
instead of AOQO analysis and the iteration on the ICPR value is made such that NRSBT is
equivalent to 1000 rods in boiling transition. The initial minimum CPR value corresponds to the
OLMCPR(IE) when the mean value of NRSTB is equal to 1000 rods.

It is possible that future analysis will change the number of failed rods assumed in the
radiological analysis. If a change is made to the ICPR iteration process then the NRSBT must be
done equal to or greater than the number of assumed to fail in the IE licensing basis radiological
analysis.
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Figure 7-4. GESAM Calculation Procedure for Analytical Determination of OLMCPR
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8.0 DEMONSTRATION ANALYSIS

The analyses provided in this Section form the bases for future application of TRACG for
AOO/IE in an ESBWR. The analyses provided are a demonstration of the process.

Plant operating limits cannot be derived directly from the demonstration analyses. The
implementation of TRACG requires repetition of the statistical analysis for a grouping of similar
plants with similar events and similar fuels. In this case the ESBWR with GE14E fuel as
currently designed is analyzed. Other applications for similar events and the same fuel design
will require a nominal analysis. The nominal results will be combined with the statistical
uncertainties for the grouping.

The TRACG performance is demonstrated on one or more limiting licensing basis events in each
of the scenarios specified in Section 2-1. In some scenarios the events are not evaluated with
respect to the uncertainties since the initial condition is more limiting than the transient
condition. This demonstration includes:

1. A TRACG analysis for the ESBWR (the analysis will be performed with an analysis
procedure equivalent to that applied in DCD evaluations).

2. A demonstration of the sensitivity of the transient to initial conditions and plant
parameters.

3. A demonstration of the sensitivity of the transient to the individual model uncertainties.

4. A statistical analysis in accordance with the process defined in Section 7.0.

The overall statistical application of TRACG was validated in Section 7.6 of NEDE-32906[3],
where it was shown that sample data falls within the statistical tolerance bands on the predictions
or is conservative.

8.1  Baseline Analysis

A baseline analysis was performed for each of the event scenarios. The ESBWR current plant
design is used for all the baseline cases. The plant has 1132 bundles and a rated thermal power
of 4500 MWth. The vessel modeling is illustrated in Figure 8-1. The plant is loaded with an
equilibrium cycle of GE14E (10ft Active Fuel Length). The azimuth nodalization of the VSSL
(Figure 8-3) is consistent with the ESBWR stability [5] and ATWS [6] methodology. The
mapping of core bundles into TRACG CHAN components is shown in Figure 8-2. Table 8-1
lists the TRACG core map and channel grouping.
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[

Figure 8-1. TRACG ESBWR Vessel Modeling
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Figure 8-2. TRACG Core Map
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Figure 8-2 (cont.) TRACG Core Map
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Figure 8-3. TRACG Azimuthal Division In Vessel
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Table 8-1
TRACG Core Map and Channel Grouping

I
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The following events are analyzed with this model:

1.
2.
3.

® NS0 e

8.1.1

8.1.1.1

Pressurization event: load rejection with half bypass (LRHBP).
Main steam line isolation valve closure with the backup (flux) scram (MSIVF).

Depressurization events: upscale failure of pressure regulator for one steam-line
(PRFO1).

Cold water transient: loss of feed-water heating with SCRRI insertion (LFWH-SCRRI).

Level transient: complete loss of feed-water flow (LOFW).
Pressurization IE: load rejection with no bypass (LRNBP).
Cold water IE: loss of feed-water heating with SCRRI failure (LFWHF).

Depressurization IE: upscale failure of pressure regulator (PRFO). This event is not
explicitally analyzed because of the similarity with the AOO for jet-pump plants which
has no effect on thermal limits.

Baseline Analysis of Pressurization Transients
Load Rejection with Half Bypass (LRHBP) Baseline Analysis

The LRHBP event is characterized by the fast closure of the turbine control valves (TCV). The
sudden closure of the stop valves causes a rapid pressurization of the steam lines and reactor

vessel, resulting in a rapid power excursion. The event is heightened by the assumed failure of

half of the turbine bypass valves; however the large vessel size mitigates the transient. The
turbine control valve fast closure switches initiate a reactor scram after confirmation of not
enough bypass capacity available. Power is mitigated with the help of negative reactivity due to
the scram. The safety/relief valves are not required to actuate because of the large vessel and the
half bypass capacity. The event is modeled at 100% power and 100% flow with an EOC
nominal power shape. The key parameters are presented in Figures 8-4 through 8-7 and Table
8-2 for the LRHBP event.
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I

Figure 8-4. TRACG Power and Flow Response for LRHBP Event

[

Figure 8-5. TRACG CPR Response for LRHBP Event
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1l

1l

77



NEDO-33083 SUPPLEMENT 3

I

11
Figure 8-6. TRACG Pressure Response for LRHBP Event

[

1]
Figure 8-7. TRACG Vessel Inlet and Exit Flow for LRHBP Event
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Table 8-2
LRHBP Key Transient Parameters

I

1l

8.1.1.2 MSIV Closure Flux Scram (MSIVF) Baseline Analysis

The MSIV closure is characterized by closure of the main steam isolation valves. The closure
causes a rapid pressurization event that leads to a power excursion. The reactor scram is
conservatively assumed to occur on high flux rather than the earlier isolation valve position.
Power is mitigated with the help of negative reactivity due to the scram and due to void
production as the heat flux rises. The safety/relief valves actuation is not required nominally and
is not credited for any single run. This action limits the pressure rise. This is the limiting event
for vessel overpressure protection. The primary output is peak pressure response. The event is
modeled at 100% power and 100% flow with an EOC nominal power shape. The key
parameters are presented in Figures 8-8 through and Table 8-3 for the MSIVF event.
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Figure 8-8. TRACG Power and Flow Response for MSIVF Event
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Figure 8-9. TRACG Pressure Response for MSIVF Event
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Table 8-3
MSIVF Key Transient Parameters

[l

11

8.1.2 Baseline Analysis of Depressurization Transients
8.1.2.1 Pressure Regulator Failed Open (PRFO) Baseline Analysis

The PRFO event is characterized by failure of the pressure regulator to the controller upper limit.
The turbine control valves and bypass valves respond by opening one TCV or BPV, and the rest
of the system works to maintain pressure, avoiding any significant transient.

8.1.3 Baseline Analysis of Cold Water Transients

8.1.3.1 Loss of Feedwater Heating with SCRRI insertion (LFWH-SCRRI) Baseline
Analysis

The LFWH event is characterized by the reduction in core inlet subcooling caused by a reduction
in feedwater heating. The increase of inlet subcooling increases moderation and causes an
increase in power. An automatic reactor scram is not assumed for this event; instead actuation of
- the SCRRI is considered when the feedwater temperature setpoint is reached. The event is
modeled at 100% power and 100% flow at representative EOC conditions because the slower
SCRRI reactivity reduction causes the EOC conditions to be more limiting. The key parameters
are presented in Figures 8-10 through 8-13 and Table 8-4 for the LFWH-SCRRI event. :
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[
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Figure 8-10. TRACG Power and Flow Response for LFWH Event

I

1
Figure 8-11. TRACG CPR Response LFWH Event
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[
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Figure 8-12. TRACG Pressure Response LFWH Event
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Figure 8-13. TRACG Vessel Sub-cooling for LFWH Event
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Table 8-4
LOFWH Key Transient Parameters

[
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8.1.3.2  Inadvertent Isolation Condenser Injection

The IICI event is characterized by the reduction in core inlet subcooling caused by the initiation
of the IC’s. The increase of inlet subcooling in the azimuthal zones where IC’s injects increases
moderation and causes an increase in power. An automatic reactor scram is not produced
because any safety setpoint is reached for this event. The event is modeled at 100% power and
100% flow at representative MOC conditions because the higher void coefficient. The key
parameters are presented in Figure 8-14 through Figure 8-17 and Table 8-5 for the IICI event.

This calculation is taken from reference DCD Rev. 4, in this document the channel grouping is
changed, where Cell 10 is modeled with 16 separate channel components, Cell 7 with a single
hot channel, and the rest of channels with an average channel.
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Figure 8-14. TRACG Power and Flow Response for IICI Event

il

1l
Figure 8-15. TRACG CPR Response IICI Event
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[

Figure 8-16. TRACG Vessel Inlet and Exit Flow for IICI Event
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(

F igﬁre 8-17. TRACG Vessel Sub-cooling for IICI Event
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Table 8-5
IICI Key Transient Parameters

(
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8.1.4 Baseline Analysis of RPV Level Transients
8.1.4.1 Loss of Feedwater (LOFW) Baseline Analysis

The Loss of Feedwater Flow (LOFW) event is characterized by a very rapid water level drop
after all FW flow is stopped, due to the amount of void in the large chimney. Loss of feedwater
pump initiates the scram and Isolation Condenser actuation immediately follows. Low water
level setpoint logic initiates high-pressure makeup with the High Pressure Control Rod Drive
water supply. This system mitigates the level reduction and maintains reactor water level above
the top-of-active fuel (TAF). The baseline analysis of this event is modeled at 100% power and
100% flow with an EOC nominal power shape. The key parameters are presented in Figures
8-18 through 8-21 and Table 8-6 for the LOFW event.
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1
Figure 8-18. TRACG Power and Flow Response for LOFW Event

[l

11
Figure 8-19. TRACG Downcomer Water Level Response for LOFW Event

Demonstration Analysis

90



NEDO-33083 SUPPLEMENT 3

|

1l
Figure 8-20. TRACG Pressure Response for LOFW Event
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Figure 8-21. TRACG Vessel Inlet and Exit Flow for LOFW Event
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Table 8-6
LOFW KEY TRANSIENT PARAMETERS
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8.1.5 Baseline Analysis of Pressurization IE.
8.1.5.1  Load Rejection Without Bypass (LRNBP) Baseline Analysis

The LRNBP event is characterized by a very rapid reduction of the turbine flow with the failure
of the turbine bypass fast closure mode. The fast closure of the TCV combined with the signal of
not enough turbine bypass capacity produces a scram signal that mitigates the transient. The
pressure increase causes a void collapse and a neutron flux increase; this is milder than in
previous plant designs because of the larger RPV.

The baseline analysis of this event is modeled at 100% power and 100% flow with an EOC
nominal power shape. The key parameters are presented in Figure 8-22 through Figure 8-24 and
Table 8-7.

1|

1l
Figure 8-22. TRACG Power and Flow Response for LRNBP IE
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1
Figure 8-23. TRACG Downcomer Water Level Response for LRNBP IE

[l
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Figure 8-24. TRACG Pressure Response for LRNBP IE
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Figure 8-25. TRACG Vessel Inlet and Exit Flow for LRNBP IE
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Table 8-7
LRNBP Key Transient Parameters

[l
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8.1.6 Baseline Analysis of cold water IE.
8.1.6.1 Loss of Feedwater Heating with SCRRI failure (LFWHF) baseline analysis

The Loss of Feedwater Heating with failure of SCRRI/SRI actuation (LFWHS) event is
characterized by a diminution of the feedwater temperature, which produces an increase in the
moderation and neutron flux. Slowly a new steady state is reached at a new higher power level
with large subcooling.

The baseline analysis of this event is modeled at 100% power and 100% flow with an MOC
nominal power shape. The key parameters are presented in Figure 8-26 through Figure 8-29 and
Table 8-8. :
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This event has a special characteristic respect other transients; the final conditions do not
produce rewetting of the clad, therefore if this Infrequent Event is analyzed with this bases, then
we could get limiting results, however, there are two conservatisms in the way this transient is
analyzed.

[

11
1

11
Figure 8-26. TRACG Power and Flow Response for LFWHF IE
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1
Figure 8-27. TRACG Downcomer Water Level Response for LFWHF IE

Il

1
Figure 8-28. TRACG Pressure Response for LFWHF IE
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Figure 8-29. TRACG Vessel Inlet and Exit Flow for LFWHF IE
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Table 8-8
LFWHF Key Transient Parameters

[l

1]

8.2 Initial Condition and Plant Parameter Review

8.2.1 Initial Conditions and Allowable Operating Range

As described in Section 6.2, the impact of the initial condition on the results are characterized in
the following manner:

A) The results are sensitive to the initial condition and a basis for the limiting initial
condition cannot be established. Future plant analyses (for example the reload
licensing analyses) will consider the full allowable range of the initial condition.

B) The results are sensitive to the initial condition and a basis for the limiting initial
condition can be established. Future plant analyses (for example the reload licensing
analyses) will consider the parameter is at its limiting initial condition.

C) The results are not sensitive to the initial condition and a nominal initial condition
will be assumed for the parameter.

Each of the baseline events were evaluated and characterized. The characterization analysis
bases are described in Table 8-9. [[
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Table 8-9
Allowable Operating Range Characterization Basis

[l
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NOTE: GESAM wrapup is near EOC with flat radial peaking distribution
(

. ]
Figure 8-30. ESBWR Power/Flow Map. Variable FW temperature.

Demonstration Analysis 102




[l

Demonstration Analysis

NEDO-33083 SUPPLEMENT 3

Figure 8-31. EOC Axial Power Shape
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Figure 8-32. MOC Nominal Rod Pattern
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Figure 8-33. MOC Black and White Rod Pattern
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Only the pressurization events and the LOFW-SCRRI will be considered for the allowable
control rod pattern since they are the only events where scram (or SCRRI) effectiveness is
critical to the severity of the event.

8.2.1.1 LRHBP Allowable Operating Range Results

A summary of the results of the sensitivity analysis for the LRHBP transient is provided in Table
8-10, the characterization of the sensitivities is shown in Table 8-11.

Table 8-10
LRHBP Allowable Operating Range Results

1

1l

1l
1l

Demonstration Analysis 105



NEDO-33083 SUPPLEMENT 3

Table 8-11
LRHBP Allowable Operating Range Characterizations
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1l

Demonstration Analysis

106




NEDO-33083 SUPPLEMENT 3

8.2.1.2  MSIVF Allowable Operating Range Results

A summary of the results of the sensitivity analysis for the MSIVF transient is provided in Table
8-12. Based on the analysis results, all trends could be characterized. Where applicable, the
application procedure will require analysis at the limiting initial condition.

Table 8-12
MSIVF Allowable Operating Range Results

I

1]

NOTE: The characterization of these results is described in Table 8-13.

Table 8-13
MSIVF Allowable Operating Range Characterizations

[[ I |

1
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8.2.1.3 LFWH-SCRRI Allowable Operating Range Results

A summary of the results of the sensitivity analysis for the LFWH-SCRRI transient is provided
in Table 8-14. The characterization of these results is described in Table 8-15. Based on the
analysis results, all trends could be characterized. Where applicable, the application procedure
will require analysis at the limiting initial condition.

Note these results apply to Selected Control Rod Run In (SCRRI). However, the trend will be
similar to that of SRI. DCD Rev. 4 provides results with SRI and SCRRI, considering failure of
an SRI HCU to function.

Also this trend is expected to be applicable to IICI because of the similarity of the transient
phenomenon.
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Table 8-14
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Table 8-15
LFWH-SCRRI Allowable Operating Range Characterizations

Il

1

8.2.1.4 LOFW Allowable Operating Range Results

A summary of the results of the sensitivity analysis for the LOFW transient is provided in Table
8-16. The characterization of these results is described in Table 8-17. Based on the analysis
results, all trends could be characterized. The nominal initial condition may be assumed for all
parameters.

Table 8-16
LOFW Allowable Operating Range Results

(

1]
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Table 8-17
LOFW Allowable Operating Range Characterizations
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8.2.2 Initial Conditions Uncertainty

As described in Section, the initial condition is monitored through the use of plant sensors or on-
line calculations based on plant sensors. Because of instrument or simulation uncertainty, the
plant condition may vary from the indicated value. The results are characterized in the following
manner:

A. The results are sensitive to the uncertainty in the initial condition and the
uncertainty in the initial condition will be included in the statistical analysis.

B. The results are not sensitive to the uncertainty in the initial condition and the
uncertainty does not need to be accounted for.

C. The uncertainty in initial condition were evaluated and characterized for each
baseline event. The characterization analysis bases are described in Table 8-18

With the exception of core power, the results from the allowable operating range evaluations,
documented in Section 8.2.1, are used for the characterization.

Table 8-18
Initial Condition Uncertainty Characterizations

[

1]

8.2.2.1  LRHBP Initial Condition Uncertainty Results

A summary of the results of the core power sensitivity analysis for the LRHBP transient is
provided in Table 8-19. The characterization of these results is described in Table 8-20.
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~ Table 8-19
LRHBP Initial Condition Uncertainty Results

I

1]

Table 8-20
LRHBP Initial Condition Uncertainty Characterizations

I

1
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8.2.2.2  MSIVF Initial Condition Uncertainty Results

A summary of the results of the core power sensitivity analysis for the MSIVF transient is
provided in Table 8-21. The characterization of these results is described in Table 8-22.

Table 8-21
MSIVF Initial Condition Uncertainty Results

(0

1l

Table 8-22
MSIVF Initial Condition Uncertainty Characterizations

[

1

8.2.2.3  PRFO Initial Condition Uncertainty Results

A summary of the results of the core power sensitivity analysis for the PRFO transient is not
needed; this transient for the ESBWR has a negligible impact on the plant operating conditions.
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8.2.24  LFWH Initial Condition Uncertainty Results

A summary of the results of the core power sensitivity analysis for the LFWH transient is
provided in Table 8-23. The characterization of these results is described in Table 8-24. Note
these results apply to Selected Control Rod Run In (SCRRI). However, the trend will be similar
to that of SRI. DCD Rev. 4 provides results with SRI and SCRRI, considering failure of an SRI
HCU to function.

Also this trend is expected to be applicable to IICI because of the similarity of the transient
phenomenon.

Table 8-23
LOFWH Initial Condition Uncertainty Results

[

1]

Table 8-24
LOFWH Initial Condition Uncertainty Characterizations

1

1l
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8.2.2.5 LOFW Initial Condition Uncertainty Results

A summary of the results of the core power sensitivity analysis for the FWCF transient is
provided in Table 8-25. The characterization of these results is described in Table 8-26.

Table 8-25
LOFW Initial Condition Uncertainty Results

I

1]

Table 8-26
LOFW Initial Condition Uncertainty Characterizations

[

1l
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8.2.3 Plant Parameters

As described in Section 6.3, critical plant parameters will be set at a bounding value (for example
the APRM flux scram setpoint will be set to the maximum value in the analysis). This process is
described in the procedure that defines the critical Operating Parameters for Licensing (OPL) for
transient analysis. [[

11 Only the OLMCPR defining events will assume
the statistical scram/SCRRI speed. Table 8-27 shows the sensitivity of the LRHBP and LFWH-
SCRRI event to control rods speed insertion. Based on these results the scram/SCRRI speed
uncertainty is added to the parameters in the statistical analysis.

Table 8-27
Scram Speed Uncertainty Results

[

1]

8.24 Summary of Initial Conditions and Plant Parameter

The conclusions form the initial conditions and plant parameter analysis form the basis of the
plant specific analysis process. The following can be concluded based on the initial condition
and plant parameter analysis results:

8.2.4.1 Pressurization Events:

e Analysis must consider the full range of operating core power, core flow, and
operating pressure. The MSIVF overpressure analysis is limiting at the maximum
core power and operating pressure and minimum core flow

e The EOC (all-rods-out) condition is limiting. EOC must always be analyzed.
Exposures prior to MOC are most limiting when black-and-white rod patterns are
assumed. A black-and-white rod pattern (Figure 8-33 is an example) will be assumed
unless a specific scram rod array is controlled during operation.

e Analysis results are sensitive to initial dome pressure and radial peaking factor in
DCPR/ICPR, the absolute sensitivities are small, they are significant only because of
. the low nominal DCPR/ICPR values.

e Results are insensitive to the statistical variation in initial conditions with the
exception of initial pressure and core power. Plant parameters will be maintained at a
bounding value with the exception of scram speed.
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Operating limits are required for operation within the statistical scram/SCRRI basis
and when operating within the Tech Spec scram.

The statistical analysis will assume a statistical variation in core power, hot channel
radial peaking factor, and scram speed. Only the OLMCPR defining events will
assume the statistical scram speed.

Sensitivity on radial peaking factor is recommended to be included because of the
natural recirculation core flow.

Depressurization Transients:
Depressurization transients are not limiting.
Cold Water Transients:

Analysis must consider the full range of operating core power, and dome pressure.
Analysis must consider BOC, MOC, and EOC exposure.
Results are insensitive to water level uncertainty.

Results are sensitive to the statistical variation in initial conditions and to meeting the
slow and stuck rod Tech Spec when SCRRI actuation is considered (no SRI).

The statistical analysis will require a statistical variation in core power.

A simultaneous statistical variation in Steam Dome Pressure is also required,
although this can be bypassed because of the small sensitivity.

Sensitivity on radial peaking factor is recommended to be included because of the
natural recirculation core flow.

Level Transients:
The maximum core power, and feed-water temperature are limiting.
Results are insensitive to dome pressure, exposure, initial water level, and power.

Results are insensitive to the statistical variation in initial conditions. Plant
parameters will be maintained at a bounding value.

Note: The analyses will assume a statistical variation in all mentioned parameters to maintain
consistency with the other event scenarios.

8.3  Fuel Rod Thermal-Mechanical Performance

Evaluations are performed for normal steady-state operation and whole core events (AOO’s and
IE’s) to assure that fuel centerline melting or fuel failure due to pellet cladding mechanical
interaction does not occur.

[
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(l

1l

Figure 8-34. NNPD comparison between ESBWR nodal power bounding response and generic
NNPD.

8.4  Statistical Analysis for Licensing Events

A statistical analysis is performed for each of the event scenarios that result in a positive
ACPR/ICPR and for the LOFW and MSIVF transients. The statistical analysis is provided as a
demonstration of the statistical process. This analysis must be repeated or the application must
be justified when the results are to be applied to other fuel types, or other plant hardware options.

The statistical analysis is performed in two steps. First each selected high and medium ranked
parameter is evaluated at both the +1c and -1o level (call this uncertainty screening). This
allows for determination of the sensitivity of the results to the parameter. It allows for
assessment of the reasonableness of the sensitivity. It also allows for quantification of the impact
of parameters that are difficult to assign exact probability density functions. The second step is a
random statistical evaluation. In this case each model parameter is varied randomly as described
in Section 5.1.

The perturbed parameters are then selected from the list in Table 5-1, and eliminate those
parameters that are anticipated to have a low sensitivity. The uncertainty ranges of the TRACG
input parameters corresponding to the medium and high ranked PIRT phenomena are
summarized in Table 8-28.
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Table 8-28
TRACG PIRT Uncertainty Ranges for AOO, IE, and SE Transient Sensitivity Study

[
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Table 8-28

TRACG PIRT Uncertainty Ranges for AQQO, IE, and SE Transient Sensitivity Study

[

1]

(I)User defined PIRT number 1XX.

8.4.1 Uncertainty Screening
8.4.1.1 LRHBP Uncertainty Screening

Analysis has been performed at both the + 1o and - 1o level. These results are presented in

Figure 8-35.
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Il

1l
Figure 8-35. LRHBP Sensitivity to Individual Uncertainties

The void coefficient is analyzed with the internal model described in Section 5.1. The model
applies a mean bias of [[ 1] ACPR/ICPR. The uncertainty is larger than would apply to
the statistical analysis since the 1 o perturbation is applied uniformly to all fuel while the
statistical analysis will apply the uncertainty randomly by bundle type.

8.4.1.2  MSIVF Uncertainty Screening

Analysis has been performed at both the +1c and -1c level. These results are presented in
Figure 8-36. The void coefficient is analyzed with the internal model described in Section 5.1.
The model applies a mean bias of [[

1l

Note in the DCD analysis an additional conservatism is applied, assuming a FW pump trip and
no IC function. This has the effect of reducing TRACG model uncertainty, and the SRV setpoint
(plant parameter) uncertainty dominates.
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|

1
Figure 8-36. MSIVF Sensitivity to Individual Uncertainties

8.4.1.3 LFWH Uncertainty Screening

Analysis has been performed at both the +1c and -1o level. These results are presented in
Figure 8-37. The most important parameter for the LFWH event is the chimney void fraction.

I

11 The
void coefficient is analyzed with the internal model described in Section 5.1. The LFWH event
is insensitive to the void coefficient bias. The uncertainty is larger than would apply to the
statistical analysis since the +1c perturbation is applied uniformly to all fuel while the statistical
analysis will apply the uncertainty randomly by bundle type.

Note these results apply to Selected Control Rod Run In (SCRRI). However, the trend will be
similar to that of SRI. DCD Rev. 4 provides results with SRI and SCRRI, considering failure of
an SRI HCU to function.

Also these trends are expected to be applicable to IICI because of the similarity of the transient
phenomenon.

Demonstration Analysis 124



NEDO-33083 SUPPLEMENT 3

{l

1l
Figure 8-37. LFWH Sensitivity to Individual Uncertainties

8.4.1.4  LOFW Uncertainty Screening

Analysis has been performed at both the + 16 and - 1o level. These results are presented in
Figure 8-38. The most important parameters for the LOFW event are chimney void fraction and
core flow. Decay heat is not important because the minimum water level is produced just at the
beginning of the event with a slow level recovery and because of the IC actuation.
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[

1l
Figure 8-38. LOFW Sensitivity to Individual Uncertainties

8.4.2 Statistical Results

One set of 59 random trials was performed for each of the event scenarios, which resulted in a
limiting ACPR/ICPR and for the MSIVF and the LOFW transient. [[

1] For LRHBP the hypotheses considered
have been bounding to get a larger base ACPR/ICPR and obtain reduced relative uncertainties.

8.4.2.1 LRHBP Statistical Analysis

The results of the statistical analysis for the LRHBP event are presented in Figures 8-39 through
8-42. [[
1
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[l

Figure 8-39. Hot Channel 112 ACPR/ICPR Normality for LRHBP

[l

Figure 8-40. Hot Channel 112 ACPR/ICPR Descriptive Statistics for LRHBP
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I

Figure 8-41. Hot Channel 112 % ACPR/ICPR Descriptive Statistics for LRHBP

Il

Figure 8-42. Hot Channel 142 % ACPR/ICPR Descriptive Statistics for LRHBP
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i

1
This distribution would be applied to the GESAM Monte Carlo ICPR distribution of the trials as

described in Section 7.3.1. Such large values are because of the reduced base value; if we would

consider [{ ]] the value would be lower. However as mentioned
before, [[ ]] therefore, this transient is not limiting despite the
large uncertainty.

8.4.2.2  MSIVF Statistical Analysis

The results of the statistical analysis for the MSIVF event are presented in Figures 8-43 through
8-45. The nominal peak pressure has been calculated assuming the mean void coefficient bias.
The nominal peak pressure is [[ 11 The peak pressure distribution and the APeak
pressure (peak pressure trial - peak pressure nominal) distribution are assumed not normal. In
this situation the GRS method is applied to obtain the 95/95 result. The APeak Vessel Bottom
Pressure is the key output from the statistical analysis. The worst result from the set of 59 trials
is [[ 1. Applying the [[ 1] uncertainty for 95/95, Peak Vessel
Bottom Pressure 95/95 = [[ ,
]]. The initial dome pressure uncertainty has not been considered, the
maximum possible operating pressure is recommended to be used for the nominal calculation
1l ]J]. Note a bounding evaluation is applied for ASME overpressure protection in
which the FW pumps are tripped, and the IC initiation is not credited.

[l

1
Figure 8-43. Peak Pressure Normality for MSIVF
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[

1l
Figure 8-44. Peak Pressure Descriptive Statistics for MSIVF

|

n
Figure 8-45. APeak Pressure Descriptive Statistics for MSIVF
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8423 LFWH-SCRRI Statistical Analysis

The results of the statistical analysis for the LFWH event are presented in Figures 8-46 through
8-49. The nominal ACPR/ICPR has been calculated assuming the mean void coefficient bias.

[ 1l

In the OLMCPR analysis (which combines the uncertainties considered in the SLMCPR and the
transient uncertainties) a bias of [[ ]] and a standard deviation of [[

1] could be applied to the ACPR/ICPR distribution. This distribution would be applied
to the GESAM Monte Carlo ICPR distribution of the trials as described in Section 7.3.1.

If the limiting sub-cooling transient is other than this the adder should be recalculated.

[

1l
Figure 8-46.. Hot Channel 112 ACPR/ICPR Normality for LFWHS
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[

1
Figure 8-47. Hot Channel 112 ACPR/ICPR Descriptive Statistics for LFWHS

[l

Figure 8-48. Hot Channel 112 % ACPR/ICPR Descriptive Statistics for LFWHS
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Il

1l
Figure 8-49. Hot Channel 212 % ACPR/ICPR Descriptive Statistics for LFWHS

1

8.4.24  IICI Statistical Analysis

The results of the statistical analysis for the IICI event are presented in Figure 8-50 through
Figure 8-53. [[

1]
The nominal ACPR/ICPR has been calculated assuming the mean void coefficient bias. [[
11

In the OLMCPR analysis (which combines the uncertainties considered in the SLMCPR and the
transient uncertainties) [[

]1 This distribution would be applied to the GESAM Monte Carlo
ICPR distribution of the trials as described in Section 7.3.1.
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[l

Figure 8-50. Hot Channel 210 ACPR/ICPR Normality for IICI

[

Figure 8-51. Hot Channel 210 ACPR/ICPR Descriptive Statistics for IICI
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|

1
Figure 8-52. Hot Channel 210 % ACPR/ICPR Descriptive Statistics for IICI

[

1
Figure 8-53. Hot Channel 2400 % ACPR/ICPR Descriptive Statistics for IICI

Demonstration Analysis 135



NEDO-33083 SUPPLEMENT 3

8.4.2.5 LOFW Statistical Analysis

The results of the statistical analysis for the LOFW event are presented in Figures 8-54 through
8-56. Figure 8-54 and Figure 8-55 are referred to the minimum water level from vessel zero,
Figure 8-56 is the statistics associated to the minimum water level with respect to vessel 0,
separation in percentage in respect to the nominal case (TRACG case with no overlays).

The minimum wide range level distribution and the corresponding % increase in wide range
level distribution are not normal. In this situation the GRS (order statistics are applied which
means the higher case for 59 cases, see section 7.1.1) method is applied to obtain the 95/95
result. The % change in the Wide Range Level as compared to the nominal result is the key
output from the statistical analysis. [[

1
[

1
[l

1l
Figure 8-54. Minimum Wide Range Level Normality for LOFW
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I

1]
Figure 8-55. Minimum Wide Range Level Descriptive Statistics for LOFW

[l

1]
Figure 8-56. % Change in Minimum Wide Range Level Descriptive Statistics for LOFW
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9.0 CONCLUSIONS

This response provides the basis for applying the TRACG application methodology that has been
approved for operating BWRs for AOOs to ESBWR transients, including AOOs, IEs, and SEs.
The CSAU methodology requirements are met as stated in NEDC-33083P-A, and given in
Section 2.1. Important phenomena and plant parameters (PIRTs) for ESBWR transient analysis
have been identified and ranked in Section 3.0, based on those already defined in NEDE-32906P.
Applicability of TRACG for ESBWR transient analysis has been justified in Section 4.0. Biases
and uncertainties for high and medium ranked model and plant parameters are established in
Section 5.0. A statistical application approach used in NEDE-32906P has been outlined in
Section 7.2, and the method for determining the OLMCPR given in Section 7.3. Sample baseline
analyses for selected ESBWR AOO, IE, and SE transients have been performed, and results are
shown in Section 8.0. Statistical analyses of the high and medium ranked parameters for the
sample license events are given in Section 8.4. This application methodology is applied in the
ESBWR DCD AQOQ, IE, and SE calculations.
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ATTACHMENT A

The following responses to NRC questions on the ESBWR TRACG transient application are
attached: '

NRC RAI 21.6-63, provided in GEH letter MFN 07—448, “Response to Portion of NRC
Request for Additional Information Letter No. 66 Related to ESBWR Design Certification
Application — RAI Numbers 21.6-63, 21.6-78, 21.6-81, 21.6-83”, dated August 20, 2007

NRC RAI 21.6-65, provided in GEH letter MFN 07—347, “Response to Portion of NRC
Request for Additional Information Letter No. 66 Related to ESBWR Design Certification
Application — RAI Numbers 21.6-65 and 21.6-85”, dated June 21, 2007.
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NRC RAI 21.6-63

NEDO-33083 SUPPLEMENT 3

Provide a description of all of the differences in the analyses performed in Chapter 4 of in
NEDE-33083P (MFN 05-017 and MFN 04-109) and Chapter 15 of ESBWR DCD Tier 2.

GEH Response

Key differences in analyses performed in Chapfer 4 of NEDC-33083P (MFN 05-017 and MFN
04-109) and Chapter 15 of ESBWR DCD Tier 2 are listed in Table 21.6-63-1.

Table 21.6-63-1 — Comparison of Analysis Section 4 of Ref. [1] , [2] with DCD Tier 2 Ch. 15

Category

Analysis in Section 4 of Ref
[1], and Ref [2]

Analysis in Ch. 15 DCD Tier 2

1. Analysis Cases

Baseline demonstration calculation
for ESBWR AQOQOs; includes three
pressurization transient cases:
Subsection 4.7.1.1 Load Rejection
No Bypass (LRNB); Section
4.7.1.2 Feedwater Controller
Failure, FWCF, (Maximum
Demand at 150% of Rated);
Subsection 4.7.1.3 Main Steamline
Isolation Valve (MSIV) Closure.

The events are classified in Table
15.0-2 and include Anticipated
Operational Occurrences, Infrequent
Events, Accidents, and Special Events.
The events analyzed in DCD Tier 2 are
listed in Table 15.1-7 and represent the
Analysis of Record for ESBWR
Abnormal events.

2. Core Analyzed

In MFN 05-017, Ref [1], the core
analyzed had 1132 bundles loaded
with GE12 10x10 fuel with a 9 ft
(2.743 m) active core height and a
rated thermal power of 4000
MWth. The core had an F-lattice
with the wide control blade design.

In MFN 04-109, Ref [2], the core
analyzed had 1132 bundles with a
10 ft active core height and a rated
thermal power of 4500 MWth. An
N-lattice equilibrium core with 10
ft (3.048 m) GE14 10x10 fuel was
analyzed and has 269 cruciform
control blades.

The core analyzed has 1132 bundles
with a 10 ft (3.048 m) active core
height and a rated thermal power of
4500 MWth. The core has an N-lattice
with 269 cruciform control blades.
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Category

Analysis in Section 4 of Ref
[1], and Ref [2]

Analysis in Ch. 15 DCD Tier 2

3. Nodalization

In MFN 05-017, Ref [1], the vessel
modeling is illustrated in Figure
2.7-1. There are 21 axial levels in
the vessel, with three rings, and
one-azimuthal sector. The
nodalization is identical except for
the height of core

In MFN 04-109, Ref [2], the vessel
nodalization is similar to Figure
2.7-1 of Ref. [1] except for the
number of bundles modeled (1132)
and minor elevation changes
consistent with changes in vessel
design. The 3-D VSSL option was
employed with twenty-one axial
levels, and six azimuthal (theta)
sectors at 15, 97.5, 180, 195, 277.5,
and 360 degrees, respectively.
Twenty-six channel groups were
used.

Nodalization is shown in Figures
21.6-65-2,21.6-65-3, and 21.6-65-4 of
Ref [3]. A 3-D VSSL option was
employed with twenty-four axial
levels, and six azimuthal (theta) sectors
at 15, 97.5, 180, 195, 277.5, and 360
degrees, respectively. Twenty-eight
and forty channel groups were used.
As mentioned in Ref [3], the vessel
azimuthal nodalization is same as that
in Reference [4]. This azimuthal
nodalization allows modeling
individual chimney partitions, and the
associated channels and regions, in
each of the two smaller, 15-degree
azimuthal sectors.

4. Cycle State
Point analyzed

Equilibrium core, EOC (End of Cycle)
conditions, as indicated in Section 4.7 of
References [1] and [2].

Equilibrium core, EOC conditions
used for the following abnormal
events: Generator Load Rejection With
Total Turbine Bypass Failure,
Feedwater Controller Failure-
Maximum Demand, and Closure of all
Main Steamline Isolation Valves.
Equilibrium core EOC or MOC
conditions were used, as appropriate,
in other abnormal events listed in
Table 15.1-7.

5. Key Input
Parameters

100% power and 100% flow was
used for analysis. Three of the four
Isolation Condensers were
assumed to be available. For the
FWCEF case, the analysis in Ref [1]
used maximum feedwater flow
demand of 150% of rated, and the
analysis in Ref. [2] used maximum
demand of 168% of rated.

Table 15.2-1 lists the key input
parameters and initial conditions used
in AOQ, and Infrequent Event
analyses.
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Category

Analysis in Section 4 of Ref
[1], and Ref [2]

Analysis in Ch. 15 DCD Tier 2

6. Sequence of
Events

Table 4.7-1 (LRNB)

Table 4.7-2 (FWCF)

Table 4.7-3 (MSIV Closure)

Table 15.3-6a (Generator Load
Rejection With Total Turbine Bypass
Failure)

Table 15.3-3 (Feedwater Controller
Failure — Maximum Demand)

Table 15.2-13 (Closure of all MSIV).

7. Results

Results of LRNB, FWCF, MSIV
Closure events are discussed in
Section 4.7 of References [1] and

[2].

Table 15.3-1 includes the
corresponding results summary of the
Feedwater Controller Failure —
Maximum Demand, the Generator
Load Rejection with Total Turbine
Bypass Failure, and other Infrequent
Events.

Table 15.2-5 includes the results
summary for the Closure of all MSIV,
and other Anticipated Operational
Occurrence Events.

In GE response to RAI 21.6-62 (MFN 07-008), Ref. [5], it was stated that the
CPR for the FWCEF transient in the DCD Tier 2 is lower than that in

Reference [2]. Also, the CPR for FWCF for DCD Tier 2 is lower than that in
Reference [1]. The following reasons were listed for the differences in CPR:

i) In the ESBWR DCD, the turbine bypass capacity is 110%. This
mitigates the pressurization in a FWCF event after the turbine trip,
such that significant compression waves are not traversing the main
steam lines. Most of the CPR changes in the DCD are due to slow
changes in core inlet temperature and core power.

ii) In the FWCEF analysis, MFN 04-109, Ref [2], the BPV opened at
the beginning of the transient but closed immediately due to
inappropriate inputs; the closure of the BPV for this case led to
higher vessel pressures and higher change in CPR than that in the
DCD calculation.

iif) The DCD Tier 2 calculations correctly model the control system
inputs related to the turbine control valve and bypass valves to
achieve the target vessel pressure of 7.17 MPa during TCV and BPV
operation.
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NRC RAI 21.6-65

Page 4-32 in Section 4.4.2 of NEDC-33083P-A states "The adequacy of the nodalizations has
been demonstrated and is supported by sensitivity studies. Standard nodalizations for modeling
of ESBWR reactor vessels and other components have been presented in the TRACG
Qualification for SBWR [24]."

A. The staff was unable to locate any sensitivity studies in your reference pertaining to the radial
channel grouping and azimuthal nodalization of the VESSEL component for the transient
analysis. It appears that this nodalization is the same as that presented in NEDC-33083P
Supplement 1 TRACG Application for ESBWR Stability Analysis. Confirm if this is true.
Provide additional information discussing that this nodalization scheme is adequate for the
transient analysis. Discuss how it is adequate to model the various transients.

B. The staff understands that you are not using the CHAN nodalization described in your
reference 24 (TRACG Qualification for SBWR). The staff understands that the nodalization that
you are using appears to be the same as that described in NEDC-33083P Supplement 1 TRACG
Application for ESBWR Stability Analysis. Confirm if this is true. Provide a basis explaining
that this nodalization is adequate for performing the transient analysis.

C. Provide diagrams illustrating the VESSEL axial, radial and azimuthal noding and channel
grouping. Provide diagrams with nodalizations of all of the components connected to the
VESSEL (such as the ICS, CHAN and steamlines) and show how (which nodes) these are
connected to the VESSEL.

D. Update your documentation to identify and describe in the same manor any other components
that are nodalized differently than what is described in the TRACG Qualification for SBWR
report.

GE Respohse
Part A:

i
1l

The vessel axial nodalization used for the ESBWR AQO, and Infrequent Event analysis in
il '

11 The AOO,
and Infrequent Event analysis in the Chapter 15 of ESBWR DCD Tier 2 also has twenty-four
axial levels. The remainder of the discussion of this RAI response will refer to the vessel
nodalization, channel nodalization, and channel grouping used for AOO, and the Infrequent
Event analysis in the ESBWR DCD Tier 2.

The nodalization diagrams are included in response to Part C of this RAL [[



1l

I
1l

1l

I

[l

I

NEDO-33083 SUPPLEMENT 3

1l

Table 21.6-65-1 Vessel Axial Level Elevations

I

1]

1l
1l

1] The results for the base case are available in Chapter 15 of DCD Tier 2.

1

1l

1l

1
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Il
1l

DCPR/ICPR Comparison - Load Rejection with Total Bypass Failure (LRNBP)

[l 1l
(I

1]
[ 1l
[l

1
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Table 21.6-65-2: Channel Grouping for the 40 Channel Group Sensitivity Case

Number Radial
CHAN VSSL of Power
Group Cell# Bundles Peaking

(

1l
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Table 21.6-65-3: Channel grouping description for the 28 Channel Group base Case
(ESBWR DCD Tier 2).

Number  Radial
CHAN VSSL of Power
Group Cell Bundles Peaking

1

The regions in the tables 21.6-65-2 and 21.6-65-3 above correspond to:

[l

1]




[l
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Figure 21.6-65-1a: 40-Channel Group Core map (left-half of the core)

1l
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Figure 21.6-65-1b: 40-Channel Group Core Map (right half of the core)

1
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Figure 21.6-65-2: Comparison of key parameters between the detailed 40-Channel Group
Case and the 28-Channel Group (DCD Tier 2) base case

I

1l
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Part B:
(L

1l
[

1l

[
11

Part C:
The sketches describing the nodalization are included in Figures 21.6-65-3 through 21.6-65-5.

I

1l
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Figure 21.6-65-3: Azimuthal Nodalization in the vessel.
(Four Rings and Six Asymmetric Azimuthal Sectors)

1l
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Figure 21.6-65-4: Nodalization Steamlines, IC, DPV, and associated Piping.

I



I

NEDO-33083 SUPPLEMENT 3

Figure 21.6-65-5: TRACG ESBWR Vessel Nodalization

1
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Part D:

[l

[

[

1l

1

1] to obtain the design conditions

required for the ESBWR licensing compared to SBWR.

References

1.
2.

I

TRACG Application for ESBWR Stability Analysis, NEDC-33083P Supplement 1.

TRACG Application for ESBWR Anticipated Transient Without Scram Analyses, NEDC-
33083P Supplement 2,

TRACG Qualification, NEDE-32177P Revision 2, January 2000.
TRACG Qualification for SBWR, NEDC-32725P, Rev.1, Vol.1 and 2, September. 1997.
TRACG Application for ESBWR, NEDC-33083-PA, March 2005

MFN 04-109, Letter from Robert E. Gamble to U.S. Nuclear Regulatory Commission,
Section 4.7, “Demonstration Calculations for ESBWR AOQOs,” of NEDC-33083P, “TRACG
Application for ESBWR”

Affected Documents

.No DCD changes will be made in response to this RAIL

No changes to the subject LTR will be made in response to this RAI.
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GE Hitachi Nuclear Energy

AFFIDAVIT

I, David H. Hinds, state as follows:

)

@

3)

@

I am General Manager, New Units Engineering, GE Hitachi Nuclear Energy (“GEH”), and
have been delegated the function of reviewing the information described in paragraph (2)
which is sought to be withheld, and have been authorized to apply for its withholding.

The information sought to be withheld is contained in enclosure 1 of GEH’s letter, MFN 07-
700, Mr. James C. Kinsey to U.S. Nuclear Energy Commission, entitled “Response to
Portion of NRC Request for Additional Information Letters No. 66 and 100 Related to
ESBWR Design Certification Application — RAI Numbers 15.0-27 and 21.6-64,” dated
December 27, 2007. The proprietary information in enclosure 1, which is entitled
“Response to Portion of NRC Request for Additional Information Letters No. 66 and 100
Related to ESBWR Design Certif cation Application — RAI Numbers 15.0-27 and 21.6-64 —
GEH Proprietary Information,” is delineated by a [[dotted underline inside double square
brackets. "’ '1] Figures and large equation objects are identified with double square brackets
before and after the object. In each case, the superscript notation 3} refers to Paragraph (3)
of this affidavit, which provides the basis for the proprietary determination.

In making this application for withholding of proprietary information of which it is the
owner or licensee, GEH relies upon the exemption from disclosure set forth in the Freedom
of Information Act (“FOIA”), 5 USC Sec. 552(b)(4), and the Trade Secrets Act, 18 USC
Sec. 1905, and NRC regulations 10 CFR 9.17(a)(4), and 2.390(a)(4) for “trade secrets”
(Exemption 4). The material for which exemption from disclosure is here sought also
qualify under the narrower definition of “trade secret”, within the meanings assigned to
those terms for purposes of FOIA Exemption 4 in, respectively, Critical Mass Energy
Project v. Nuclear Regulatory Commission, 975F2d871 (DC Cir. 1992), and Public Citizen
Health Research Group v. FDA, 704F2d1280 (DC Cir. 1983).

Some examples of categories of information which fit into the definition of proprietary
information are:

a. Information that discloses a process, method, or apparatus, including supporting data
and analyses, where prevention of its use by GEH’s competitors without license from
GEH constitutes a competitive economic advantage over other companies;

b. Information which, if used by a competitor, would reduce his expenditure of resources
or improve his competitive position in the design, manufacture, shipment, installation,
assurance of quality, or licensing of a similar product;

c. Information which reveals aspects of past, present, or future GEH customer-funded

development plans and programs, resulting in potential products to GEH;

d. Information which discloses patentable subject matter for which it may be desirable to

obtain patent protection.
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)

(6)

)

®

®

The information sought to be withheld is considered to be proprietary for the reasons set
forth in paragraphs (4)a. and (4)b. above.

To address 10 CFR 2.390(b)(4), the information sought to be withheld is being submitted to
NRC in confidence. The information is of a sort customarily held in confidence by GEH,
and is in fact so held. The information sought to be withheld has, to the best of my
knowledge and belief, consistently been held in confidence by GEH, no public disclosure
has been made, and it is not available in public sources. All disclosures to third parties,
including any required transmittals to NRC, have been made, or must be made, pursuant to
regulatory provisions or proprietary agreements which provide for maintenance of the
information in confidence. Its initial designation as proprietary information, and the
subsequent steps taken to prevent its unauthorized disclosure, are as set forth in paragraphs
(6) and (7) following.

Initial approval of proprietary treatment of a document is made by the manager of the
originating component, the person most likely to be acquainted with the value and
sensitivity of the information in relation to industry knowledge, or subject to the terms
under which it was licensed to GEH. Access to such documents within GEH is limited on a
“need to know” basis.

The procedure for approval of external release of such a document typically requires review
by the staff manager, project manager, principal scientist, or other equivalent authority for
technical content, competitive effect, and determination of the accuracy of the proprietary
designation. Disclosures outside GEH are limited to regulatory bodies, customers, and
potential customers, and their agents, suppliers, and licensees, and others with a legitimate
need for the information, and then only in accordance with appropriate regulatory
provisions or proprietary agreements.

The information identified in paragraph (2) above is classified as proprietary because it
contains details of GEH’s evaluation methodology.

. The development of the evaluation process along with the interpretation and application of
the analytical results is derived from the extensive experience database that constitutes a
major GEH asset.

Public disclosure of the information sought to be withheld is likely to cause substantial
harm to GEH’s competitive position and foreclose or reduce the availability of profit-
making opportunities. The information is part of GEH’s comprehensive BWR safety and
technology base, and its commercial value extends beyond the original development cost.
The value of the technology base goes beyond the extensive physical database and
analytical methodology and includes development of the expertise to determine and apply
the appropriate evaluation process. In addition, the technology base includes the value
derived from providing analyses done with NRC-approved methods.

The research, development, engineering, analytical and NRC review costs comprise a
substantial investment of time and money by GEH. :
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The precise value of the expertise to devise an evaluation process and apply the correct
analytical methodology is difficult to quantify, but it clearly is substantial.

GEH’s competitive advantage will be lost if its competitors are able to use the results of the
GEH experience to normalize or verify their own process or if they are able to claim an
equivalent understanding by demonstrating that they can arrive at the same or similar
conclusions.

The value of this information to GEH would be lost if the information were disclosed to the
public. Making such information available to competitors without their having been
required to undertake a similar expendituré of resources would unfairly provide competitors
with a windfall, and deprive GEH of the opportunity to exercise its competitive advantage
to seek an adequate return on its large investment in developing and obtaining these very
valuable analytical tools.

I declare under penalty of perjury that the foregoing affidavit and the matters stated therein are
true and correct to the best of my knowledge, information, and belief.
Executed on this 27" day of December 2007.

St

David H. Hinds
GE Hitachi Nuclear Energy
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