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IMPORTANT NOTICE REGARDING CONTENTS OF THIS REPORT 

Please Read Carefully 

The design, engineering, and other information contained in this document is furnished for the 
purpose of supporting a BWRX-300 Construction Permit Application, Operating Licensing Application, 
or Combined License Application.  The only undertakings of GEH with respect to information in this 
document are contained in the contracts between GEH and its customers or participating utilities, and 
nothing contained in this document shall be construed as changing those contracts.  The use of this 
information by anyone for any purpose other than that for which it is intended is not authorized; and 
with respect to any unauthorized use, no representation or warranty is provided, nor any assumption 
of liability is to be inferred as to the completeness, accuracy, or usefulness of the information 
contained in this document.  
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1.0 INTRODUCTION 

1.1 Background 
TRACG is a 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 Boiling Water Reactors (BWRs). 
Analyses performed with TRACG have been used previously to support licensing applications in 
different areas, including transients otherwise known as an Anticipated Operational Occurrences 
(AOOs), and pipe breaks referred to by the acronym ECCS/LOCA (Emergency Core Cooling 
Systems/Loss-of-Coolant Accident).  

TRAC was originally developed for Pressurized Water Reactor (PWR) analysis by Los Alamos 
National Laboratory, the first PWR version of TRAC being TRAC-P1A (Reference 5-1). The 
development of the BWR version of TRAC started in 1979 in close cooperation between GEH 
and Idaho National Engineering Laboratory (INL). 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 middle 1980s with the 
development of TRACB04 at GEH and TRACG-BD1/MOD1 at INL. Due to the joint development, 
these versions were very similar. In the earlier stages, GEH, the United States Nuclear Regulatory 
Commission (NRC), and the Electric Power Research Institute jointly funded the development of 
the code. 

GEH continued to develop TRACG with contributions from its technical associates. The objective 
of this development was to upgrade the capabilities of the code to include transient, stability, and 
Anticipated Transients Without Scram (ATWS) applications. During this phase, major 
developments included the implementation of the three-dimensional kinetics model and an implicit 
integration scheme. Modeling of the BWR fuel bundle was also improved. 

TRACG has a multi-dimensional, two-fluid model for the reactor thermal hydraulics and a 
three-dimensional reactor kinetics model. The models are accurate and can be used to simulate 
a large variety of test and reactor configurations. These features allow for detailed, realistic 
simulation of a wide range of BWR phenomena, and are described in detail in the TRACG Model 
Description Licensing Topical Report (LTR), GEH NEDE-32176P, TRACG Model Description, 
(Reference 5-2). 

TRACG has been extensively qualified against separate-effects tests, component performance 
data, integral system effects tests, and operating BWR plant data. The details are presented in 
GEH NEDE-32177P, TRACG Qualification LTR, (Reference 5-3). More recent qualification for 
passive BWR simulation tests is reported in NEDC-32725P, TRACG Qualification for SBWR 
(Simplified Boiling Water Reactor), (Reference 5-4), and NEDC-33080P, TRACG Qualification for 
ESBWR (Economic Simplified Boiling Water Reactor, (Reference 5-5). TRACG is included as an 
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approved methodology cited in General Electric Standard Application for Reactor Fuel 
(GESTAR II), GE Global Nuclear Fuel NEDE-24011-P-A, (Reference 5-6). 

1.2 Summary 
The TRACG computer code is used to perform licensing analysis of the BWRX-300. This report 
presents the methodology for application of TRACG to the BWRX-300 Deterministic Safety 
Analysis (DSA). TRACG is specifically used for the following categories of analyses:  

1. AOO 
2. Design Basis Accident (DBA)  
3. Design Extension Condition (DEC) that do not involve core damage 

TRACG is the primary licensing analysis tool for LOCAs and transient analyses for Postulated 
Initiating Events (PIEs) with a large range of frequencies up to events that do not involve 
significant core damage (severe accidents). This report describes the methodology to calculate 
critical safety parameters and to address uncertainties when applying the TRACG code to the 
BWRX-300. Thus, this report presents TRACG application methods for AOO, DBA, and DEC 
events. This document justifies the acceptable application of TRACG to demonstrate the 
BWRX-300 power plant remains within the applicable licensing bases. 

Radiological analyses to confirm results do not exceed dose criteria are performed with methods 
and codes other than TRACG and thus not discussed in this document. 

1.2.1 Historical Applications 
TRACG has been used in a variety of applications for the operating BWRs as well as design and 
analysis for the ESBWR. The following describes the large variety of TRACG LTRs for application 
to BWRs. 

An application for AOOs analysis was developed and approved by the NRC for operating BWRs, 
GE NEDE-32906P-A, TRACG Application for Anticipated Operational Occurrences Transient 
Analysis, (Reference 5-7). A supplement was later developed, and NRC approved an ATWS 
overpressure analyses (a beyond design basis event) for BWRs, GE NEDE-32906 
Supplement 1-A, TRACG Application for Anticipated Transient Without Scram Overpressure 
Transient Analysis, (Reference 5-8). An additional supplement was developed for the 
advancement to GEH, NEDE-32906P, Supplement 3, Migration to TRACG04/PANAC11 from 
TRACG02/PANAC10 for TRACG AOO and ATWS Overpressure Transients, (Reference 5-9). 

The application of TRACG for the analysis of ECCS/LOCAs was approved by the NRC, GEH 
NEDE-33005P-A, TRACG Application for Emergency Core Cooling Systems/ Loss-of-Coolant-
Accident Analyses for BWR/2-6, (Reference 5-10). 

TRACG has also been applied to evaluate BWR stability performance and protection. The first 
application was for the expanded operating domain with a revised protection scheme for BWRs, 
GEH NEDC-33075P-A, Boiling Water Reactor Detect and Suppress Solution – Confirmation 
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Density, (Reference 5-11). TRACG was then applied to existing stability solutions for the 
operating fleet, NEDE-33766P-A, GEH Simplified Stability Solution (GS3), (Reference 5-12). 

The control rod drop accident is a DBA in BWRs that has the potential for prompt reactivity. 
Applications were developed utilizing the 3D kinetics and thermal hydraulics in TRACG to analyze 
these events. The first application was for a European plant, 0000-0038-4878, TRACG KKM 
Control Rod Drop Application, (Reference 5-13), and this was expanded for applicability to the 
US BWR fleet, NEDE-33885P-A, GNF CRDA Application Methodology (Reference 5-14). For 
BWRX-300, the control rod drop accident is addressed in GEH NEDC-33912P-A, BWRX-300 
Reactivity Control, (Reference 5-15). 

The ESBWR design and analysis basis utilized TRACG for all the plant safety analyses. The 
application to ESBWR is described in GEH NEDC-33083P-A, TRACG Application for ESBWR 
(Reference 5-16). 

1.3 TRACG Code Interfaces 
Figure 1-1 depicts the TRACG code interfaces. The flow of data starts with the lattice physics 
codes, TGBLA or LANCR. TGBLA and LANCR are lattice design computer program for BWRs, 
for modeling several lattice geometries. The lattice physics codes solve 2D diffusion or transport 
equations with diffusion parameters corrected by transport theory to provide the multiplication 
factor, the fission density distribution, the neutron balance, and the homogenized cross sections. 
The lattice physics codes generate the rod-by-rod neutron cross sections, gamma smeared power 
distributions and flux discontinuity factors. The lattice physics codes perform burnup calculations 
for generating input to the BWR Core 3D simulator. 

The BWR Core Simulator, PANAC is a steady-state, three-dimensional coupled nuclear-thermal-
hydraulic computer program representing a BWR core. Neutronic parameters used by core 
simulator are obtained from two-dimensional lattice physics and parametrically fitted as a function 
of moderator density, exposure, control, and moderator density history for a given fuel type. The 
program is used for detailed three-dimensional design and operational calculations of BWR 
neutron flux and power distributions and thermal performance as a function of control rod position, 
refueling pattern, coolant flow, reactor pressure, and other operational and design variables. The 
core simulator includes the effect of doppler broadening as a function of moderator density, 
exposure, control, and moderator density history for a given fuel type. The lattice physics and 
core simulator form the nuclear simulator, GEH NEDE-30130P-A, Steady State Nuclear Methods, 
(Reference 5-17) and is used for both core design and core exposure tracking. 

TRACG has the same 3D kinetics model as the core simulator described above for simulating the 
feedback effects of moderator density, fuel temperature, boron, and control blade movement on 
the core power. TRACG uses the state conditions from the core simulator as the starting point for 
analyses. Along with input for the plant geometry, fuel, setpoints, and control systems, TRACG 
also gets input from the PRIME fuel rod thermal-mechanical code (Reference 5-18) for fuel rod 
gap conductance as a function of fuel rod linear heat generation rate and exposure. 
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Analyses with TRACG produce output where a calculated parameter can be compared directly 
with acceptance criteria such as the peak pressure, reactor level, and the Peak Cladding 
Temperature (PCT). The TRACG output may also interface with other codes. 

The GESAM code performs a Monte Carlo statistical analysis, NEDC-34039P, GNF2 Steady 
State Nuclear Methods: TGBLA06/PANAC11 Application Methodology, (References 5-19) and 
NEDC-32601P, Methodology and Uncertainties for SLMCPR Evaluations, (Reference 5-19 and 
5-20) to determine the minimum allowable Minimum Critical Power Ratio (MCPR) for which more 
than a specified percent of the rods in the core would not be susceptible to boiling transition. 
Statistical uncertainties are imposed on an analytic representation of the core and the probabilities 
of avoiding boiling transition are evaluated. The TRACG change in critical power ratio (ΔCPR) 
and the initial CPR (ICPR) is used with GESAM statistical process to calculate the Operating Limit 
Critical Power Ratio (OLMCPR) and accounts for many of the plant CPR and fuel uncertainties. 

The TRACG time-dependent channel power history is used as input to PRIME, NEDC-33840P-A, 
The Prime Model for Transient Analysis of Fuel Rod Thermal-Mechanical Performance, 
(Reference 5-18) to calculate margin to fuel melt and cladding strain for AOO conditions. 
Typically, this is performed for the most limiting channel(s). 

The TRACG output is also used to provide mass and energy release input to the containment 
analysis code GOTHIC. GOTHIC solves the conservation equations for mass, momentum, and 
energy for multicomponent, multi-phase flow in lumped parameter and/or multi-dimensional 
geometries to calculate the containment pressure and temperature response, NEDC-33911P-A, 
BWRX-300 Containment Performance, Revision 3, (Reference 5-21). 

1.3.1 Code Updates 
Modifications to the basic models described in Reference 5-2 may not be used for licensing 
calculations without review and approval. 

Updates to the TRACG nuclear methods to ensure compatibility with the approved steady-state 
nuclear methods may be used for licensing calculations without review and approval as long as 
the key safety parameters show less than one-sigma deviation difference compared to the 
baseline code used and the code update. A typical event in each of the event categories will be 
compared and the results from the comparison will be transmitted for information. 

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

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

1.3.2 Updates to Model Uncertainties 
New data may become available with which the specific model uncertainties described in this 
report may be reassessed. If the reassessment results in a need to change specific model 
uncertainty, the specific model uncertainty may be revised for licensing calculations without NRC 
review and approval as long as the process for determining the uncertainty is unchanged. 
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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 NRC review and 
approval will be transmitted to the NRC for information. 
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Figure 1-1: TRACG Code Interface Diagram  
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1.4 Scope 
The scope includes TRACG application to BWR DSA analyses including stability, LOCA, and 
Non-LOCA events. The LOCA and containment application is covered in Section 2, and the 
primary document describing the methodology is NEDC-33922P, BWRX-300 Containment 
Evaluation Method (Reference 5-22). 

The LTRs TRACG Model Description (Reference 5-2); TRACG Qualification (Reference 5-3), 
TRACG Qualification for SBWR Volumes 1 and 2 (Reference 5-4), and TRACG Qualification for 
ESBWR (Reference 5-5) are incorporated by reference as part of the supporting bases. 

There are DSA events that are not-reactor events or may not otherwise need to be analyzed with 
TRACG. TRACG is intended for reactor events in which the transient capabilities of TRACG are 
needed. 

Dose analysis methodologies to meet dose acceptance criteria are not included in the scope of 
this document. 

1.4.1 BWRX-300 Safety Strategy 
The objective of the BWRX-300 Safety Strategy is to organize both the safety design bases and 
the various safety analyses (deterministic and probabilistic) within a common framework based 
on Defense-in-Depth (D-in-D) principles to enable a systematic demonstration of a 
comprehensive safety case that ensures Fundamental Safety Functions (FSFs) are met. The 
FSFs for the BWRX-300 are as follows: 

1. Control of reactivity 
2. Removal of heat from the fuel (in the reactor, during fuel storage and handling, and 

including long term heat removal) 
3. Confinement of radioactive material, shielding against radiation and control of planned 

radioactive releases, as well as limitation of accidental radioactive releases 

A systematic approach is taken to identify functions necessary to fulfill the FSFs and to identify 
the inherent design features that contribute to fulfilling, or that affect, the FSFs. The Safety 
Strategy is documented in NEDC-33934P (Reference 5-23). The discussion below summarizes 
aspects of the Safety Strategy that are key for application of the DSA. As described in 
Reference 5-23, there are five general areas of DSA. There is a Baseline Deterministic Safety 
Analysis (BL-DSA), a Conservative Deterministic Safety Analysis (CN-DSA), the Extended 
Deterministic Safety Analysis (EX-DSA), the Coping Capability Analysis (CAA), and the Severe 
Accident Analysis (SAA). The TRACG application is used for the BL-DSA, CN-DSA, and EX-DSA. 
These three analyses generally credit different sets of Defense Lines (DLs) which are designated 
DL2, DL3, DL4a, and DL4b.  A complete discussion of the DLs is contained in Reference 5-23, 
but the overall objective of each DL is summarized: 

• DL2—Actively control key plant parameters associated with FSFs and detect and mitigate 
AOO PIEs. 
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• DL3—Detect and mitigate DBA PIEs and event sequences comprising AOO PIEs and 
failure of DL2 functions. 

• DL4a—Detect and mitigate DECs, including event sequences associated with some DBA 
PIEs and failure of DL3 functions. 

• DL4b—Detect and mitigate DECs to prevent core damage or mitigate the consequences 
of core damage events (severe accidents). 

The three analyses using TRACG are described in detail in Reference 5-23; these analyses are 
summarized here: 

• BL-DSA:  The scope of the BL-DSA includes the PIEs categorized as AOOs and DBAs 
that are included in the PIE list for the BL-DSA. The primary objective for the BL-DSA is 
to model the expected plant response to AOO and DBA PIEs assuming that all functions, 
regardless of safety category, are available to respond as designed to mitigate the event 
(excepting those failed as part of PIE initiation or by consequence of the PIE). The BL-DSA 
is the formal demonstration of performance to acceptance criteria for AOO PIEs. 

The BL-DSA establishes bases for design requirements, including the performance requirements 
for DL2 functions. All AOO PIEs should be mitigated using only DL2 functions. Frequent AOO 
PIEs (more frequent than 1E-01/ year) are mitigated using only DL2 functions. If a DL3 function 
is necessary to mitigate a less frequent AOO PIE, a demonstration is provided that it is not 
practicable to implement a DL2 mitigation function, and an EX-DSA needs to also be performed 
assuming CCF of DL3 mitigating functions. 

The BL-DSA also establishes a baseline response to DBA PIEs to understand what role DL2 
functions can play in mitigating those events, which has implications for the extent of coverage 
needed in DL4a to address DEC sequences involving failures of DL3. Best-estimate methods with 
realistic analysis conditions are used in BL-DSA analysis. 

• CN-DSA:  The primary objective for the CN-DSA is to demonstrate capability to mitigate 
AOO and DBA PIEs and event sequences crediting only DL3 functions and inherent or 
passive safety features. To accomplish this, the analysis assumes failure of any non-DL3 
mitigation functions that were credited in the BL-DSA to force a response from the DL3 
functions. The CN-DSA is the formal demonstration of performance to acceptance criteria 
for DBA PIEs and event sequences. It is also the formal demonstration of the plant’s 
capability to maintain performance of the FSFs for a 72-hour period crediting only passive 
functionality and Safety Class 1 (SC1) equipment, and without operator action or off-site 
support. Conservative analysis conditions are applied in the CN-DSA, including 
addressing uncertainties. 

• EX-DSA:  The scope of the EX-DSA generally includes PIEs and event sequences 
assigned to the DEC event category selected through the deterministic PIE selection and 
complex sequence selection processes. One of the primary objectives of the EX-DSA is 
to demonstrate the capability of the plant to mitigate PIEs in the DEC event category. 
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EX-DSA analyses are used to derive functional and performance requirements for the 
DL4a and DL4b functions credited in the analyses. Best-estimate methods with realistic 
analysis conditions may be applied in EX-DSA analysis. 

1.4.2 Code Scaling, Applicability, and Uncertainty 
The TRACG BWRX-300 application methodology addresses the elements of the NRC-developed 
Code Scaling, Applicability, and Uncertainty (CSAU) evaluation methodology. The CSAU 
methodology is documented in the report “Quantifying Reactor Safety Margins: Application of 
Code Scaling, Applicability, and Uncertainty Evaluation Methodology to a Large-Break, 
Loss-of-Coolant Accident” (Reference 5-24). The CSAU report describes a rigorous process for 
evaluating the total model and plant parameter uncertainty for a nuclear power plant calculation. 
Further details on the CSAU methodology are contained in the NRC-issued Regulatory 
Guide 1.157. The CSAU methodology incorporates the elements of phenomena identification and 
ranking, documentation of models, assessment against Separate Effects Tests (SETs) and 
Integral System Tests (ISTs) for the key phenomena, and quantification of uncertainties due to 
the models, scaling, and plant parameters. In the CSAU process, the model uncertainty is derived 
from the propagation of individual model uncertainties through code calculations, and 
experimental comparisons are used as a check on the derived uncertainty. This process will be 
followed with TRACG, but for the BWRX-300, a simpler bounding approach may be used in some 
instances. 

The CSAU methodology consists of 14 steps, as outlined in Table 1-1. 

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

CSAU 
Step Description Addressed In 

1 Scenario Specification Section 3.1.2 

2 Nuclear Power Plant Selection Section 3.1.3 

3 Phenomena Identification and Ranking Section 3.2 

4 Frozen Code Version Selection Reference 5-2 

5 Code Documentation Reference 5-2 

6 Determination of Code Applicability Section 3.3 

7 Establishment of Assessment Matrix Section 3.3.2 

8 Nuclear Power Plant Nodalization Definition  Section 3.4.1 

9 Definition of Code and Experimental Accuracy Reference 5-3, 
Reference 5-4, 
Reference 5-5 

10 Determination of Effect of Scale Section 3.4.2 
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CSAU 
Step Description Addressed In 

11 Determination of the Effect of Reactor Input 
Parameters and State 

Section 3.5 

12 Performance of Nuclear Power Plant Sensitivity 
Calculations 

Section 3.6 

13 Determination of Combined Bias and Uncertainty Section 3.6  

14 Determination of Total Uncertainty Section 3.6 
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2.0 LOSS-OF-COOLANT (PIPE BREAKS) AND CONTAINMENT 
ANALYSIS 

TRACG is used to calculate mass and energy release in the Reactor Pressure Vessel (RPV) 
response to postulated large break and small break LOCAs (LBLOCA and SBLOCA). TRACG is 
not used to calculate the BWRX-300 containment response because the containment response 
is calculated by GOTHIC. 

An overview of the general approach for LOCA analyses for the BWRX-300 is provided in 
Section 3.2 of Reference 5-21. 

TRACG has been well qualified for BWR LOCA analyses. The Containment and LOCA LTRs for 
the models and qualification of TRACG are applicable to BWRX-300. The qualified capabilities 
include the calculation of mass and energy release rates, the resulting RPV response, and the 
impacts on the core and fuel. 

Chapter 5 of Reference 5-22 describes the specific methodology for applying TRACG for 
BWRX-300 LOCA analyses. The sections within Chapter 5 of Reference 5-22 address the CSAU 
steps that were outlined in Table 1-1 of this document.  

LOCA events in the CN-DSA are treated conservatively. The LOCA methodology for BWRX-300 
accounts for the uncertainties and compensates for them by biases in the modeling parameters 
and in the plant parameters described in Reference 5-22. LOCA events in the EX-DSA do not 
require conservative treatment. 
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3.0 ANALYSIS OF NON-LOCA EVENTS 

3.1 Licensing Requirements and Scope of Application 

3.1.1 Scope of Application 

3.1.1.1 Normal Operation (Stability Application) 

The potential for instability is a subset of normal operation and baseline AOO analyses. Reactor 
instabilities may be in the form of core-wide or regional oscillations. Core-wide oscillations occur 
when all channels are in phase to create core-wide oscillations and instability. Regional 
oscillations occur when some of the channels (~half) are out of phase with other channels. This 
is typically associated with larger cores where there is a possibility for less nuclear and 
thermal-hydraulic coupling. As the BWRX-300 is a very small core, regional instability is not 
expected. Separate analyses are performed to confirm that there is no concern for regional 
oscillation. TRACG analyses are performed to confirm that the core decay ratio is sufficiently less 
than 1.0 (accounting for uncertainties, typically ~0.8) to show that the BWRX-300 plant/core 
design will be stable through normal operations. Along with confirming stable operation, this also 
ensures that the Safety Limit Minimum Critical Power Ratio (SLMCPR) is protected. Baseline 
AOO philosophy is used for initial conditions and plant parameters. Sufficient analysis of core 
condition is performed to cover the range of allowable operation. 

3.1.1.2 AOO Baseline Deterministic Safety Analysis 

As described in Section 1.4.1 above, the BL-DSA includes the evaluation of AOO events. These 
analyses are performed to demonstrate compliance with: 

• MCPR derived acceptance criteria 

• Fuel melt and cladding strain derived acceptance criteria (referred to as Fuel Duty in this 
document) 

• Reactor Coolant Pressure Boundary (RCPB) derived acceptance criteria 
Rated power initial conditions are used along with conservative setpoints and plant performance 
parameters (e.g., valve stroke times). Sufficient analysis of core condition is performed to cover 
the range of allowable operation. Conservatisms in the plant parameters and the derived 
acceptance criteria are such that there is no need to account for uncertainties in the analysis 
method. DL2 and DL3 functions are credited if needed to meet acceptance criteria. BL-AOO 
generally set requirements for the performance of DL2 functions. 

3.1.1.3 DBA Baseline Deterministic Safety Analysis 

As described in Section 1.4.1, the BL-DSA includes the evaluation of DBA events. These BL-DBA 
analyses are performed to demonstrate compliance with: 

• Cladding Related derived acceptance criteria 
o PCT 
o Local cladding oxidation 
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o Core-wide cladding oxidation 

• RCPB derived acceptance criteria 

• Containment pressure and temperature derived acceptance criteria (applicable to LOCA) 
Rated power initial conditions are used along with conservative setpoints and plant performance 
parameters (e.g., valve stroke times). Sufficient analysis of core condition is performed to cover 
the range of allowable operation. Because this is the baseline analysis, there is no need to 
account for uncertainties in the analysis method. DL2 and DL3 functions are credited if needed to 
meet acceptance criteria, which is typical in BL-DBA analyses. 

It is expected that BL-DBA analysis is qualitatively dispositioned as being bounded by the 
CN-DBA analysis. This is because the CN-DBA sequence is bounding with respect to credited 
defense lines and uses conservative methods and analysis conditions. However, BL-DBA and 
CN-DBA analyses use the same derived acceptance criteria.  

3.1.1.4 DBA Conservative Deterministic Safety Analysis 

As described in Section 1.4.1, the CN-DSA includes the evaluation of conservative DBAs (CN-
DBA). The CN-DBA analyses are performed to demonstrate compliance with:  

• Cladding-related derived acceptance criteria 
o PCT 
o Local cladding oxidation 
o Core-wide cladding oxidation 

• RCPB derived acceptance criteria 

• Containment pressure and temperature derived acceptance criteria (applicable to LOCA) 

• Dose related derived acceptance criteria (not included in the scope of this document) 

Conservative initial conditions are used along with conservative setpoints and plant performance 
parameters (e.g., valve stroke times). Sufficient analysis of core condition is performed to cover 
the range of allowable operation. Analysis method uncertainties are addressed with a graded 
approach depending on margin to the derived acceptance criteria as described in Section 3.6. 

3.1.1.5 Extended Deterministic Safety Analysis 

As described in Section 1.4.1, the EX-DSA includes the evaluation of DEC events. DEC events 
are divided into DECs with and without core damage. The EX-DSA evaluates whether core 
damage has occurred. The DBA derived acceptance criteria are used as a screening for core 
damage. If the DBA derived acceptance criteria are not met, a justification is needed to support 
the conclusion of no core damage, or the acceptability of the DEC is determined through the 
Probabilistic Safety Analyses (PSA) (Reference 5-23). 

Rated power initial conditions are used and nominal setpoints and plant performance parameters 
are used. Note that conservative setpoints and plant parameters may be used for convenience. 
DECs are very low probability events and best-estimate methods are acceptable for the analyses 
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with no uncertainties accounted for in the analyses. Any available DL function that is not disabled 
by the PIE or the failures assumed may be credited in the EX-DEC analyses. 

3.1.2 Scenario Specification 
The transient scenarios are those associated with AOO, DBA, and DEC events that do not involve 
significant core damage. Table 3-1 below describes the event groups that pose a similar challenge 
to fission product barriers. 

Table 3-1: Event Grouping for the Event Scenarios 

Name (ID) Description Discussion of Reactivity Effects 

Temperature 
Decrease 
(TD) 

Decrease in Core 
Coolant Temperature 

The events in this category primarily involve the loss of feedwater 
heating. The void reactivity is the key feedback mechanism for 
this category. The decrease in temperature results in an increase 
in the core inlet subcooling. More core thermal power goes into 
heating up the water and less into void production. The core void 
fraction decreases and causes the power to increase. This is a 
relatively slow increase in core power due to the thermal inertia of 
the coolant. 

Pressure 
Increase (PI) 

Increase in Reactor 
Pressure 

Events in this category include turbine trip, load rejection, 
pressure regulator failure, main steam line isolation valve closure. 
The void reactivity is the key feedback mechanism for this 
category. Pressurization results in decrease of core voids and 
increase in core power. For rapid pressurization, control rod 
scram is needed to mitigate. Core exposure effects on void 
reactivity and control rod position are important aspects that are 
modeled and included in analysis. 

Reactivity 
Increase (RI) 

Reactivity and Power 
Distribution Anomalies 

The events in this category involve rod withdrawal errors, fuel 
loading error and control rod drops. The control reactivity is the 
key feedback mechanism for this category. Errors or failure in 
control rod movement are expected event initiators. Fuel loading 
errors are included. 

Inventory 
Increase (II) 

Increase in Reactor 
Coolant Inventory 

The events in this category include the inadvertent isolation 
condenser initiation and feedwater controller failures. The void 
reactivity is the key feedback mechanism for this category. An 
increase in coolant inventory results in a reactor water level 
increase. The increase in reactor water level has the following 
potential effects: 

1. Core flow increase (small reactivity effect at rated power 
conditions) 

2. Core inlet subcooling increase (because the additional 
inventory is expected to be from lower temperature 
coolant, larger reactivity effect) 

These effects tend to increase void reactivity.  
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Name (ID) Description Discussion of Reactivity Effects 

Inventory 
Reduction 
(IR) 

Decrease in Reactor 
Coolant Inventory 

The events in this category include the loss of feedwater flow, 
pressure regulator failure increasing steam flow and line break. 
The void reactivity is the key feedback mechanism for this 
category. The decrease in reactor water level has the following 
potential results: 

1. Core flow decrease (small reactivity effect at rated power 
conditions) 

2. Core pressure decrease (if break in coolant pressure 
boundary cannot be compensated for by pressure 
control) 

3. Core inlet subcooling decrease (comes with pressure 
decrease) 

These effects tend to insert negative reactivity, resulting in core 
power decrease, due to void reactivity. It is typical LOCA analysis 
to ignore these effects as the protection systems typically act 
quickly to insert control rods and shutdown the core before the 
negative void reactivity feedback has significant effect. 

Non-Reactor 
Faults Event specific These events are not evaluated by TRACG and are not included 

in this document. 

3.1.3 Nuclear Power Plant Selection 
The intended application in this report is for the BWRX-300 plant. 

3.2 Phenomena Identification and Ranking 
To determine the importance of phenomena, a set of critical safety parameters is identified. The 
critical safety parameters are primary output parameters in the analysis that determine the 
acceptability of the event category. The critical safety parameters for AOO transients are MCPR, 
fuel thermal-mechanical margins or ‘fuel duty’ (fuel cladding strain and fuel centerline 
temperature), and peak RPV pressure and RPV level. For DBA and DEC events, the critical safety 
parameters are the RPV water level, PCT, and RPV pressure.  

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). PIRTs are ranked with respect 
to impact on critical safety parameters.  

Section 3.2.1 describes representative scenarios for BWRX-300 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 3.2.2 reports the results of the 
phenomena ranking. 
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3.2.1 BWRX-300 Event Groups 
The PIRTs for anticipated events are synthesized from consideration of the phenomena involved 
in various event groups. The event groups are described in Section 3.1.3. 

3.2.1.1 Temperature Decrease Events 

Critical safety parameters on which “importance” is defined are critical power (MCPR) and fuel 
duty for AOOs. For DBAs, the critical safety parameter is PCT. The temperature decrease event 
listed below may occur: 

• Loss of Feedwater Heating — initiated by a loss of extraction steam or the inadvertent 
bypass of the feedwater heater 

3.2.1.2 Pressure Increase Events 

Critical safety parameters on which “importance” is defined are critical power (MCPR), fuel duty, 
and reactor pressure for AOOs. For DBAs, the critical safety parameters are PCT and reactor 
pressure. These are different types of pressure increase events that may occur: 

• Turbine Control Valve (TCV) Fast Closure — a failure of the TCV or pressure controller 
demands the closure of the TCV 

• Turbine Trips — initiated by trip of turbine stop valves from full open to full closed 

• Generator Load Rejection — initiated by fast closure of TCVs from partially open position 
to full closed 

• Loss of Condenser Vacuum — Event occurs due to failures in systems to maintain 
condenser vacuum. The event is similar to a turbine trip; however, bypass valves close to 
prevent condenser overpressure. 

• Loss of Preferred Power — Loss of preferred offsite power occurs, and the generator 
output breaker opens. Power is lost to FW pumps, condensate pumps, and circulating 
water pumps. All TCVs fast close (generator load rejection) causing pressure increase. 

• Pressure Controller Failure Downscale — This event is a slower version of a load rejection 
where the TCVs are demanded close at a slower rate corresponding to normal pressure 
control.  

• Closure of One Main Steam Reactor Isolation Valve (AOO). 

• Closure of All Main Steam Reactor Isolation Valves and FW Isolation Valves (DBA). 

3.2.1.3 Reactivity Increase Events 

Critical safety parameters on which “importance” is defined are critical power (MCPR), fuel duty, 
and for DBAs, PCT. These are different types of reactivity increase events that may occur: 

• Rod Withdrawal Error — Rod withdrawal errors may occur from failures of the control 
system or operator error increasing the local and core-wide power.  

• Control Rod Drop — An unexpected fault in the Control Rod Drive Mechanism (CRDM) 
allows separation between the control rod and the CRDM. 
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3.2.1.4 Increase in Inventory 

These events have the potential to add more cold water to the vessel to increase reactivity and 
power. Critical safety parameters on which “importance” is defined are critical power (MCPR) and 
fuel duty for AOOs. For DBAs the critical safety parameter is PCT. These are different types of 
increase in inventory events that may occur: 

• Inadvertent Isolation Condenser Initiation — Initiation of isolation condenser adds a small 
amount of cold water into the chimney region.  

• Feedwater Flow Increase Events — Flow increase can form failures in pumps or controls 
systems. 

3.2.1.5 Inventory Reduction 

Critical safety parameters on which “importance” is defined are reactor water level in the 
downcomer along with PCT for pipe break conditions that may lead to a water level in the core 
region. These are the different types of inventory reduction events that may occur:  

• Loss of Feedwater Flow — Loss of feedwater flow may occur from trips of feedwater 
pumps or failures of the control system or inadvertent isolation resulting in decreasing 
level. 

• Pressure Controller Failure Increasing Flow — Inventory reduction may occur from 
inadvertent opening of steam bypass valves, controller failures demanding increase in 
turbine or bypass flow. 

• LOCA — a low probability event where there is a postulated primary system line break. 
Depending on the line, the break may be terminated by isolation valves. Only smaller 
breaks may be un-isolated in the containment. 

3.2.2 Phenomena Identification and Ranking Table for BWRX-300 Events 
A table (Table 3-2) is developed to identify the phenomena that govern BWRX-300 event 
responses. The table is divided into the three event categories: (1) AOO events (including 
stability), (2) DBA events, and (3) DEC events. For each event group within the event category, 
the phenomena that would be experienced is considered. In each group, the highest ranking for 
all the events considered is shown. For example, if the void coefficient is ranked high for any AOO 
event group, it is represented as high for all AOOs in Table 3-2. 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 to low importance or not applicable, as defined by the following categories: 

• High importance (H): These phenomena have a significant impact on the critical safety 
parameters and should be included in the overall uncertainty evaluation. The table for high 
ranked phenomena is shown in Table 3-2. An example of such a parameter would be the 
void coefficient for a pressurization event (C1AX in Table 3-2). The void coefficient 
determines the amount of reactivity change due to void collapse during the transient. 

• Medium importance (M): These phenomena have insignificant impact on the critical safety 
parameters and may be excluded in the overall uncertainty evaluation. An example of 
such a parameter would be flashing in the core bypass region for an inventory reduction 
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event. Vapor production due to fuel heat transfer dominates the effect of flashing in the 
core region compared to flashing in the core bypass region. 

• Low importance (L) or not applicable (N/A): These phenomena have no impact on the 
critical safety parameters and need not be considered in the overall uncertainty evaluation. 
An example of such phenomenon would be film boiling during an AOO where no transition 
boiling is expected or allowed. 

The PIRT serves a few 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 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 phenomena 
over the appropriate range. 

Finally, uncertainties in the modeling of the ranked phenomena are evaluated, and then may be 
combined through a statistical process when needed, 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 individual uncertainties influencing the total 
uncertainty are determined so that the effort can be focused on establishing the uncertainties for 
those phenomena that have the greatest impact on the critical safety parameters. The model 
uncertainty and biases are contained in Appendix A. 

Table 3-2: Composite List of Phenomena for BWRX-300 Transients 

[[ 
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3.3 Applicability of TRACG to BWRX-300 Analysis 
The objective of this section is to demonstrate the applicability of TRACG for the analysis of events 
in BWRX-300. To accomplish this objective, the capability of the TRACG models to treat the highly 
ranked phenomena and the qualification assessment of the TRACG code for AOO applications 
is examined in the next two subsections. 

3.3.1 Model Capability 
The demonstration of model capability depends on four elements: 

1. Conservation equations that provide the code capability to address global processes 
2. Correlations and models that provide code capability to model and scale particular 

processes 
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3. Numerics that provide code capability to perform efficient and reliable calculations 
4. Structure and nodalization that 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 3.2.2. The capability of the code to simulate these key phenomena is specifically 
addressed, documented, and supported by qualification in References 5-3 and 5-4. 

The phenomena have been identified and TRACG models have been developed to address these 
phenomena as indicated in Table 3-3. The models are identified so that the model description 
sections may be easily correlated. 

Table 3-3: BWRX-300 Phenomena and TRACG Model Capability Matrix 

[[ 
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3.3.2 Model Assessment Matrix 
The qualification of TRACG models is summarized in Table 3-4. For each of the governing 
BWRX-300 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 the code has been adequately qualified 
for the intended application. 

The list of phenomena is cross-referenced to the qualification basis in Table 3-4. Data from 
separate-effects tests, component tests, ISTs, and plant tests as well as BWR plant data have 
been used to qualify the capability of TRACG to model the phenomena. Some components like 
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guide tubes are not included as there are no important phenomena to relate to the qualification 
basis. 

Table 3-4: Qualification Matrix for Phenomena for BWRX-300 

[[ 
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3.4 Model Uncertainties and Biases 
Overall model biases and uncertainties for a particular application for each medium and high 
ranked phenomena use a combination of comparisons of calculated results to assess: 
(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 is used to obtain approximations for the biases and uncertainties and when 
necessary, a bounding approach is used. For some phenomena that have little impact on the 
calculated results, it is appropriate to simplify and use a nominal value or to conservatively 
estimate the bias and uncertainty. 

The phenomena for BWRX-300 DSA events are identified and ranked, as indicated in Section 3.2. 
For the high and medium ranked phenomena, the bases used to establish the nominal value, 
bias, and uncertainty for that parameter are documented in Appendix A. Also, the basis for the 
selection of the Probability Density Function (PDF) used to model the uncertainty is provided in 
Appendix A. The bias and uncertainty can be implemented in TRACG through special input 
parameters designated as “PIRT multipliers.” 

3.4.1 Effects of Nodalization 
[[                                                                                                    
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Figure 3-1: TRACG Vessel Nodalization Diagram 
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3.4.2 Effects of Scale 
[[                                                                                                    
                                                                                                    
                                                                                                    
                                                                                                    
                                                                                                    
                                                                                                    
                                                                                                    
                                                                                                    
                                                                                                    
                                                                                                    
                                                                               

                                                                                                    
                                                                                                    
                               ]] 

3.5 Application Uncertainties and Biases 
This section primarily applies to the CN-DSA analyses. The BL-DSA and EX-DSA use 
best-estimate techniques. For CN-DSA analyses, a graded approach is used to combine 
uncertainties that is described in Section 3.6. 

3.5.1 Input 
This section is limited to a generalized discussion of how input is treated with respect to 
quantifying impact on 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 may 
be 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. 

Individual geometric inputs are the building blocks from which spatial nodalization is built. Another 
aspect of 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 
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of simplifications, along with the sensitivities to spatial nodalization, is included in the TRACG 
Qualification (Reference 5-3). 

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 
to be consistent with the qualification basis and will not change. 

A distinction is made in this document between initial conditions and plant parameters. When 
specified in absolute units, the initial rated conditions for a nuclear power plant are specific to the 
plant and have been considered plant parameters in some documents. In this document, initial 
conditions are considered to be 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 condition parameters and 
the associated uncertainties are addressed in Section 3.5.2. 

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 do not (when properly prescribed) have an impact 
on steady-state operation. Plant parameters and the associated uncertainties are addressed in 
Section 3.5.3. 

3.5.2 Initial Conditions 
Initial conditions are 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 
calculation may 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. At a given operating condition, the plant’s 
measurement system has inaccuracies that may need to be accounted for as an uncertainty. The 
key plant initial conditions are identified in Table 3-5. 

The impact of the initial condition on the results may be characterized in the following manner: 

• The results are sensitive to the initial condition and a basis for the limiting initial condition 
cannot be established. Plant analyses will consider the full allowable range of the initial 
condition. 

• The results are sensitive to the initial condition and a basis for the limiting initial condition 
can be established. Plant analyses will consider the parameter to be at its limiting initial 
condition. 

• The results are not sensitive to the initial condition and a nominal initial condition may be 
assumed for the parameter. 
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Each initial condition is monitored using plant sensors or simulated prediction. Because of 
instrument or simulation uncertainty, the plant condition may vary from the indicated value. The 
results may be characterized in the following manner: 

• 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. 

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

The impact of the total uncertainty in initial conditions may also be quantified for the critical safety 
parameters such as PCT, 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. 

Table 3-5: Key Plant Initial Conditions 

Quantity Control of Initial Condition Historical Ranges of Uncertainty 
About the Initial Condition 

Total Core Power For a given core flow the maximum and 
minimum core power is controlled 
through operation on the rated power 
curve. 

[[                                           
          

Total Core Flow For a given core power there is a small 
range of flow based on the operating 
level. 

                                           

Feedwater 
Temperature  

Given feedwater temperature and core 
power, the feedwater flow and steam 
flow can be determined.  

                                            

Steam Dome 
Pressure 

The minimum dome pressure controlled 
through turbine operational control. 

                                          

Downcomer Water 
Level 

Plant would operate between the L4 
and L7 alarm setpoint. 

                               

Core Loading 
Pattern and 
Exposure 
Distribution 

The core loading pattern and core 
conditions are defined for each cycle.  

                                           
                    

Axial Power 
Distribution 

Plants are not restricted to the axial 
power distribution if thermal limits are 
met.  

                                           
                    

Effective Total 
Bundle Power 
Uncertainty 

Plants are not restricted to the radial 
power distribution if thermal limits are 
met. 

                                           
                                           

Control Rod Pattern 
(control rod density) 

Plants are not restricted to the control 
rod pattern if thermal limits are met.  

                                           
                              ]] 
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3.5.3 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. Plant parameters influence the 
characteristics of the transient response and have essentially no impact on steady-state 
operation, whereas initial conditions define a steady-state operating condition. 

For each plant parameter, a conservative value corresponding to the Analytic Limit (AL) is defined. 
The AL is the value used for the licensing analyses. The AL is used along with uncertainties to 
determine the plant settings and allowable values. For example, an AL is established for the 
thermal power scram setpoint in the analysis. The instrument uncertainties and the potential for 
drift are used to determine the nominal plant setting and allowable value. 

3.6 Combination of Uncertainties 
This section applies to the CN-DSA analyses. For CN-DSA analyses, a graded approach is used 
to combine uncertainties and is summarized below. Note, the graded approach involves a 
qualitative assessment of the margin on a case-by-case basis and includes a review of the 
magnitude of results compared to acceptance criteria along with the judgment of conservatism in 
the derived acceptance criteria. As plant and/or fuel product designs change, the application of 
the graded approach is reviewed for each potentially limiting event. 

3.6.1 Large Margin or Event is Substantially Non-Limiting 
In this situation, there is no need to apply uncertainty to the analysis methodology. Judgment is 
needed to determine what is “large margin” or “substantially non-limiting.” The event may be 
dispositioned qualitatively based on the uncertainty evaluation performed for a limiting event of a 
similar type, historical analysis of similar type, or other qualitative based disposition. 

Large Margin:  There are many DBAs that have mild results compared to the acceptance criteria.  
For example, a pressurization event that has a peak pressure that has more than 2.0 MPa of 
margin to the design pressure is considered to have large margin. Other transients that are 
considered to have large margin are those that may have only a short-term Boiling Transition (BT) 
with a brief cladding temperature increase that is hundreds of degrees less than the peak cladding 
temperature limit. For selected events, some measures may be taken to bias parameters in a 
conservative direction. For example, fuel initial conditions may be biased from their nominal 
condition to facilitate the potential heat up because without the biasing, BT and subsequent 
cladding heat up would be avoided. 

Substantially non-limiting:  The BWRX is designed with a large amount of water above the core. 
As a result, events with a loss of feedwater are not limiting, especially compared to loss of coolant 
accidents. There are also many events that have very similar event sequences. For example, 
there are many events that may lead to a turbine trip and will have very similar event sequences 
and severity. Therefore, these events lend themselves to be described qualitatively as being 
bounded by other very similar events or accidents. 
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3.6.2 Medium Margin 
In this situation, method uncertainty can be addressed by biasing key important phenomena in a 
conservative direction (typically one or two σ). This simplified approach typically results in overly 
conservative results that may not be feasible if the margin is too low. In these cases, the selection 
of key important phenomena is dependent on the specific event evaluated. Care must be taken 
when multiple output parameters are considered as the direction to bias the important phenomena 
can be different for different output parameters. The selection of the key important phenomena 
and determination of the bounding direction for biasing must consider each output parameter that 
has medium margin to the derived acceptance criteria. 

The combination of the conservative biased inputs combined with the observation of the margin 
available results in conservative analyses without the need for rigorous quantification of 
uncertainties.  

3.6.3 Low Margin or Quantitative Evaluation of Uncertainty is Desired 
For this situation, 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 the individual uncertainty 
ranges. Using the histogram generated by the Monte Carlo sampling technique, a PDF is 
generated for code output of the critical safety 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). Note that it is common to set plant 
conditions and state to bounding conditions or evaluate multiple states. This is a customary 
simplification. An example is cycle exposure. The severity of events may vary over the core 
exposure, so an event may be performed at the bounding exposure as an application of cycle 
exposure probability distribution is not really feasible. 

A relatively small number of TRACG runs is sufficient to determine 95/95 (95% content and a 
95% confidence level) 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. 

It may be desired to quantitatively evaluate uncertainty to show margin provided by the operating 
limits. Historical CSAU TRACG applications are available if there is a need to quantify uncertainty 
more rigorously. 

3.6.3.1 Ordered Statistics (OS) Method – Single Bounding Value 

The Monte Carlo method that has been used in Germany by Gesellschaft für Anlagen-und 
Reaktorsicherheit (GRS) Determination of Importance of Uncertain Parameters in Code 
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Applications, Transactions of the American Nuclear Society, (Reference 5-25) requires 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 PDF. A method based on the OS of the output values is then 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 use 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 -1.5 σ value, interfacial shear might be set to a value of +2.0 σ, 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 the trials have been completed, the 
desired output parameter (e.g., PCT) is extracted from each of the trials and the set of parameter 
values is then used to construct an OSUTL for that output parameter. Figure 3-2 illustrates this 
process. 

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

The OS method, originally developed by Samuel Wilks, produces OSUTLs that are valid 
irrespective of the probability distribution of the data, requiring only a sample from a continuous 
PDF. Given values of α and β, the OSUTL can be defined as the largest of the data values, 
provided the sample size αβ log/)1log(−≥n  (Reference 5-26). For 95%-content and 95% confidence 
level, the minimum sufficient sample size is n=59. 

The OS 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. 
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TRACG Process
Models
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Yi=F(X1,X2...XN)

 
Figure 3-2: Schematic Process for Combining Uncertainties 

3.6.3.2 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 ND-OSUTL is of the form: 

szyOSUTLND ⋅+=− βαβα ,,  

(3-1) 

where y  denotes the average of the outcomes of the TRACG trials, and s  denotes the standard 
deviation, and the factor zα,β is chosen to guarantee 100α%-content and 100β% confidence level. 
Because this factor zα,β depends on the assumption of normality for the data, one must first 
ascertain whether the data does indeed conform with the Gaussian model, typically using one or 
several goodness-of-fit tests: e.g., Ryan-Joiner’s, Shapiro-Wilk’s, or Anderson-Darling’s. The 
values of zα,β are tabulated in many statistical textbooks Introduction to Statistical Quality Control, 
(Reference 5-27) as factors for one-sided normal tolerance limits. For example, for a sample of 
size 59=n , and a 95% content and a 95% confidence level, z95,95 = 2.024. As the sample size 
n  increases, this factor approaches 1.645, the 95th percentile of the standard normal 
distribution. Unlike the OS method, this ND-OSUTL method does not require specific minimum 
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sample sizes; but it does require normality. If the data is unlikely to have originated from a normal 
population, then the OS method is used. 

3.6.4 Implementation of Statistical Methodology 
The purpose of this section is to describe the process by which the statistical results will be used 
to determine the OSUTL. 

3.6.4.1 Determine OSUTL 

The method is applied in the following process. The number of trials may be increased to increase 
the confidence level for the statistical analysis. 

• Identify all uncertainties for parameters that are ranked High and Medium from 
Section 4.4.1 for the scenario (event group) to be analyzed. These parameters will be 
utilized in the statistical analysis. 

• Perform at least 59 random trials (with different seeds for each set). The number of trials 
may be increased to increase the confidence level in the statistical analysis. 

• Check for normality of the key output for the trials with an Andersen-Darling Normality 
Test. The P-Value must be greater than 0.05 to be considered normal. Determine the 
key output OSUTLα,β: 

Key Output 
szyOSUTL ⋅+= βαβα ,,  

(3-2) 

 

If the distribution is not normal, apply Wilks’ formula to obtain the OSUTL. 

3.6.5 Confirmation of Acceptable Results 
The final step is to confirm that the OSUTL is within the derived acceptance criterion for each 
applicable acceptance criterion.  

NOTE: An OSUTL must be determined only for output parameters in which there is low margin 
to the derived acceptance criterion.  

An example of a situation that would not require an OSUTL is for cladding local oxidation. When 
the cladding temperature is at high temperatures for short periods of time, the cladding local 
oxidation will be far from the derived acceptance criterion. 

3.7 Summary of TRACG Application to BWRX-300 
This report provides the basis for applying TRACG to the BWRX-300 DSA. The BWRX-300 
application is very similar to the application approved for operating BWRs and ESBWR. 

The requirements to be met and the scope of application are identified in Section 3.1. Phenomena 
important for AOO, DBA, and DEC events are identified in Section 3.2. The applicability of TRACG 
to BWRX-300 DSA is described Section 3.3. Model and plant parameters and the uncertainty are 



  NEDO-34043 Revision 1 
Non-Proprietary Information - Public 

 

 
 

45 

established in Sections 3.4 and 3.5. A graded approach to address uncertainty is described in 
Section 3.6.  

Actual application to the BWRX-300 DSA calculations is performed separately using the TRACG 
application process described in this document. 
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4.0 ACRONYMS 

Acronym Explanation 

AL Analytic Limit 

ANS American Nuclear Society 

ANSI American National Standards Institute 

AOO Anticipated Operational Occurrences 

ATWS Anticipated Transients Without Scram 

BL Baseline 

BL-DSA Baseline Deterministic Safety Analysis 

BT Boiling Transition 

BWR Boiling Water Reactor 

CCF Common Cause Failure 

CCFL Countercurrent Flow Limitation 

CN-DSA Conservative Deterministic Safety Analysis 

CPR Critical Power Ratio 

CRDM Control Rod Drive Mechanism 

CSAU Code Scaling, Applicability, and Uncertainty 

DBA Design Basis Accident 

DEC Design Extended Condition 

DL Defense Line 

DSA Deterministic Safety Analysis 

EBWR Experimental Boiling Water Reactor 

ECCS Emergency Core Cooling System 

EDPD Experimental Differential Pressure Drop 

EDPR Experimental Pressure Drop Ratio 

ESBWR Economic Simplified Boiling Water Reactor 

EX-DSA Extended Deterministic Safety Analysis 

FW Feedwater 

GEXL GE correlation of critical quality (X) versus boiling Length 

IC Isolation Condenser 

INL Idaho National Engineering Laboratory 

IST Integral System Test 

LBLOCA Large Break Loss of Coolant Accident 
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Acronym Explanation 

LOCA Loss-of-Coolant Accident 

LTP Lower Tie Plate 

LTR Licensing Topical Report 

MCPR Minimum Critical Power Ratio 

ND Normal Distribution 

NRC Nuclear Regulatory Commission 

OHT Ontario Hydro Technologies 

OS Order Statistics 

OSUTL One-Sided Upper Tolerance Limit 

PCT Peak Cladding Temperature 

PDF Probability Density Function 

PIE Postulated Initiating Event 

PIRT Phenomena Identification and Ranking Table 

PSA Probabilistic Safety Analyses 

PSTF Pressurized Steam Test Facility 

PWR Pressurized Water Reactor 

RCPB Reactor Coolant Pressure Boundary 

RPV Reactor Pressure Vessel 

SAF Safety Assessment Framework 

SBLOCA Small Break Loss of Coolant Accident 

SBWR Simplified Boiling Water Reactor 

SEO Side Entry Orifice 

SET Separate Effects Test 

SLMCPR Safety Limit Minimum Critical Power Ratio 

TCV Turbine Control Valve 

Tmin Minimum Stable Film Boiling Temperature 

TRAC Transient Reactor Analysis Code 
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APPENDIX A: MODEL UNCERTAINTY AND BIAS DESCRIPTION 

The high and medium ranked phenomena, bases used to establish the nominal value, and bias 
and uncertainty for that parameter are documented below. Table A-1 provides the summary for 
all the model nominal value, bias, and uncertainty. 
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Figure A-1: Rupture Stress Model Compared to Data 
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Figure A-2: Fractional Deviations in Quench Front Velocity 
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Figure A-3: GNF2 TRACG EDPR and EDPD trends 
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Figure A-4: GNF3 TRACG EDPR and EDPD trends 
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Figure A-5: Decay Heat Uncertainty at an Exposure of 11 GWD/MTU 
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Figure A-6: Void Fraction Deviations for Tests Applicable to Regions with  

Large Hydraulic Diameter 
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Figure A-7: Sensitivity of TRACG Prediction of Average Void Fraction in EBWR Test 

Facility to PIRT Multiplier on Interfacial Drag Coefficient 
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Figure A-8: Probability Distribution for Multiplier on Interfacial Drag Coefficient 
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Table A-1: Model Parameters for Deterministic Safety Analysis 
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