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August 29, 2006

Mr. Bob E. Brown
General Manager, Regulatory Affairs
GE Nuclear Energy
P. 0. Box 780, M/C A-30
Wilmington, NC 28401
SUBJECT:

FINAL SAFETY EVALUATION FOR GENERAL ELECTRIC NUCLEAR ENERGY
(GENE) TOPICAL REPORT (TR) NEDE-32906P, REVISION 2, "TRACG
APPLICATION FOR ANTICIPATED OPERATIONAL OCCURRENCES (AOO)
TRANSIENT ANALYSES" (TAC NO. MD30249)

Dear Mr. Brown:
By letter dated February 14, 2006, GENE submitted TR NEDE-32906P, Revision 2, "TRACG
Application for Anticipated Operational Occurrences (AOO) Transient Analyses," to the U.S.
Nuclear Regulatory Commission (NRC) staff. By letter dated July 12, 2006, an NRC draft
safety evaluation (SE) regarding our approval of TR NEDE-32906P was provided for your
review and comments. By letter dated July 26, 2006, GENE commented on the draft SE. The
NRC staff's disposition of GENE's comments on the draft SE are discussed in the attachment
to the final SE enclosed with this letter.
The NRC staff has found that TR NEDE-32906P is acceptable for referencing in licensing
applications for boiling water reactor (BWR)/2, BWRI3, BWR/4, BWRI5, and BWR/6 designs to
the extent specified and under the limitations delineated in the TR and in the enclosed final SE.
The final SE defines the basis for our acceptance of the TR.
Our acceptance applies only to material provided in the subject TR. We do not intend to repeat
our review of the acceptable material described in the TR. When the TR appears as a
reference in license applications, our review will ensure that the material presented applies to
the specific plant involved. License amendment requests that deviate from this TR will be
subject to a plant-specific review in accordance with applicable review standards.
In accordance with the guidance provided on the NRC website, we request that GENE publish
accepted proprietary and non-proprietary versions of this TR within three months of receipt of
this letter. The accepted versions shall incorporate this letter and the enclosed final SE after
the title page. Also, they must contain historical review information, including NRC requests for
additional information and your responses. The accepted versions shall include an "-A"
(designating accepted) following the TR identification symbol.

B. Brown-2

-2-

If future changes to the NRC's regulatory requirements affect the acceptability of this TR,
GENE and/or licensees referencing it will be expected to revise the TR appropriately, or justify
its continued applicability for subsequent referencing.
Sincerely,

Ho K. Nieh, Acting Director
Division of Policy and Rulemaking
Office of Nuclear Reactor Regulation
Project No. 710
Enclosure: Final SE
cc w/encl: See next page

GENE

Project No. 710

cc:
Mr. George B. Stramback
Regulatory Services Project Manager
GE Nuclear Energy
175 Curtner Avenue
San Jose, CA 95125
Mr. Charles M. Vaughan, Manager
Facility Licensing
Global Nuclear Fuel
P.O. Box 780
Wilmington, NC 28402
Mr. Glen A. Watford, Manager
Technical Services
GE Nuclear Energy
175 Curtner Avenue
San Jose, CA 95125
Andrew A. Lingenfelter, Manager
GNF Engineering
Global Nuclear Fuels - Americas, LLC
P.O. Box 780, M/C F12
Wilmington, NC 28402
Mr. Louis Quintana
Manager, Licensing
GE Nuclear Energy
P. 0. Box 780, M/C A-30
Wilmington, NC 28401

08/03/06

FINAL SAFETY EVALUATION BY THE OFFICE OF NUCLEAR REACTOR REGULATION
TOPICAL REPORT NEDE-32906P. REVISION 2
"TRACG APPLICATION FOR ANTICIPATED OPERATIONAL
OCCURRENCES (AOO) TRANSIENT ANALYSES"
GENERAL ELECTRIC NUCLEAR ENERGY (GENE)
PROJECT NO. 710
1.0

INTRODUCTION AND BACKGROUND

GENE and its subsidiary Global Nuclear Fuel (GNF) submitted TRACG02A (referred to
hereafter as TRACG) for U.S. Nuclear Regulatory Commission (NRC) review for application to
anticipated operational occurrence (AOO) transient events on January 25, 2000 (Reference 1).
The submittal included the code model documents related to the TRACG code
(References 2(a), 2(b), and 2(c)). The TRACG code is a thermal-hydraulic analysis code
intended to be used as a realistic analysis model. The NRC staff approved TRACG for AOO
transient events on October 22, 2001 (Reference 3). The approved topical report,
NEDE-32906P-A, Revision 1, was provided by GENE on February 6, 2006 (Reference 4).
The TRAC family of codes began as a pressurized water reactor analysis code developed for
the NRC at Los Alamos National Laboratory. A boiling water reactor (BWR) version of the code
was developed jointly by the NRC and GENE at the Idaho National Engineering Laboratory as
TRAC-BD1/MOD1 (Reference 5). GENE developed a proprietary version of the code
designated as TRACG. The objective of the proprietary code development was to have a code
capable of realistic analyses of transients, stability, and anticipated transients without scram
events. The code was modified to include a three-dimensional kinetic model in addition to the
multi-dimensional, two-fluid thermal-hydraulics models.
The plant types for which the TRACG code is to be applied include the BWRI2, BWRI3,
BWRI4, BWRI5, and BWRI6 designs. This version of the code has not been submitted for
review for application to any other plant design.
GENE submitted a proposed revision to TRACG, in a letter dated February 14, 2006
(Reference 6). GENE has corrected a small error in the quantification of the accuracy of the
void coefficient, an element of the NRC-approved methodology used in TRACG licensing basis
AQO analyses. GENE revised the discussion of item UC1A)( Void Coefficient, H" in
Subsection 5.1, "Model Parameters and Uncertainties" of NEDE-32906P-A, Revision 1. The
responses to related NRC staff requests for additional information (RAls) during the initial
review, particularly RAI 13, were also revised to document the void coefficient correction. In
addition, other non-technical changes were made to address typographical errors and provide
additional clarifications. Because the error did not involve the model description or qualification

-2studies, there were no changes to the TRACG model and qualification reports (References 2(a)
and 2(b)).
GENE supplemented the submittal in response to the May 31, 2006, NRC staff RAI
(Reference 7) on June 7, 2006 (Reference 8).
2.0

REGULATORY AND TECHNICAL EVALUATION.

TRACG uses a 3-dimensional neutron kinetics model to compute the needed neutronics
parameters. The contribution of the change in the water density to the reactivity in a node is
computed in terms of the infinite multiplication factor as a function of the void fraction and fuel
exposure in the node (modeled volume).
The overall analysis approach to AQOs in NEDE-32906P followed the Code Scaling
Applicability and Uncertainty (CSAU) analysis methodology (Reference 9). In the CSAU
process, model uncertainty is derived from the propagation of individual model uncertainties
through code calculations and experimental comparisons. The total uncertainty for a figure of
merit is characterized by a bias and a standard deviation which allows for the computation of a
wbest-estimatem value with its uncertainty. This permits a more realistic comparison to
regulatory acceptance criteria as opposed to the use of computed conservative values. One
such individual model uncertainty of high significance is the void coefficient. The biases and
uncertainties in the estimate of the void coefficient are predominantly due to biases and
uncertainties in the infinite lattice eigenvalues (K) calculated with GESTAR 11(Reference 10).
The TGBLA code is used to generate the cross section fits that are evaluated in TRACG. The
biases and uncertainties associated with the TGBLA computed infinite multiplication factors
were estimated by comparing the TGBLA results to those computed with the continuous energy
Monte Carlo code MCNP (Reference 11). The accuracy of MCNP in predicting k_ has been
well established through numerous comparisons to critical experiments. While it is reasonable
to assume that the MCNP computed void coefficient is the "true" value, the TRACG transient
calculation uses TGBLA generated cross sections. Therefore, the approach used in TRACG
required a correction factor based on the comparison of the TGBLA and the MCNP calculations
of k..
The revised approach to the computation of the correction factor removes an artificially
introduced void-fraction dependent variation in the bias and the variance of the correction factor
to the TGBLA computed value. The NRC staff reviewed the revised void coefficient description
in wC1 AX Void Coefficient, H" of Subsection 5. 1, "Model Parameters and Uncertainties" in TR
NEDE-32906P, Revision 2, and the revised development of the bias and variance correction to
the TGBLA computer void coefficient presented in the responses to RAI 13. The NRC staff
finds the revised approach consistent with the standard methodology used for incorporating
data from critical experiments (the "true" value) into core design calculations where the Monte
Carlo computed values of k. are used to replace measured data from critical experiments.
GENE has revised Table 5-1, "Normality Test P-Values for the Void Coefficient Residual
Errors," of NEDE-32906P, Revision 2, in response to the NRC staff's RAI. Table 5-1 was
updated using the revised void coefficient correction factor to confirm the NRC staffs previous
conclusion in Reference 3 that the "p-values for the Andersen-Darling statistic demonstrates the
normality at the 5 percent level at each exposure-in-channel void fraction point."
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Revision 2, in response to the NRC staff's RAI. The revision clarifies the process by which the
statistical results are used to compare key output values to design limits. Cases are defined
where (1) the key output should be greater than the design limit and (2) where the key output
should be less than the design limit.
GENE updated Section 7.6, "Statistical Analysis for Qualification Events," and Section 8.4.1,
"Uncertainty Screening," of TR NEDE-32906P, Revision 2, as appropriate to evaluate the
proposed revision to the calculation of the void coefficient correction factor. The comparisons
of the TRACG results to typical licensing analysis data and the deviation from nominal at a ±1
sigma uncertainty were updated using the revised void coefficient correction factor. The
correction in the void coefficient accuracy typically results in more conservative responses in
the licensing analyses, and the TRACG results fall within the 2 sigma band. The NRC staff
finds these results acceptable for licensing analyses.
3.0

CONCLUSION

GENE has documented the quantification of uncertainties as applied to realistic nominal results
from TRACG analyses such that less than 0.1 percent of the fuel rods are expected to
experience a boiling transition for the most severe AQO. The approach follows the accepted
CSAU analysis methodology. GENE has quantified the uncertainties and biases in models
associated with those identified and highly ranked phenomena based on experimental data and
computation with validated codes. GENE's proposal to revise the computation of the void
coefficient, a high ranked phenomenon, correction factor is acceptable. The revised approach
to the computation of the correction factor removes an artificially introduced void-fraction
dependent variation in the bias and the variance of the correction factor to the TGBLA
computed value. The NRC staff finds the revised approach consistent with the standard
methodology used for incorporating data from critical experiments (the "true" value) into core
design calculations where the Monte Carlo computed values of k_ are used to replace
measured data from critical experiments. The process is acceptable and the quantities are
reasonable. These together with the computed sensitivity estimates of the change in the critical
power ratio with respect to variation in the model parameters indicate smoothness and stability
in the solution to TRACG transient computations within the uncertainties in the models.
The conditions and limitations identified in Section 6.0 of the NRC staffs previous safety
evaluation (Reference 3) are unchanged as a result of the proposed revision to the calculation
of the void coefficient correction factor.
4.0
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Attachment: Resolution of Comments
Principle Contributor: E. Thromn
Date: August 29, 2006

RESOLUTION OF COMMENTS
ON DRAFT SAFETY EVALUATION
FOR TOPICAL REPORT CUR) NEDE-32906P. REVISION 2.
"TRACG APPLICATION FOR ANTICIPATED OPERATIONAL OCCURRENCES (AQO)
TRANSIENT ANALYSES"
By letter dated July 26, 2006, General Electric Nuclear Energy (GENE) provided three
comments on the draft SE for TR NEDE-32960P, Revision 2, aTRACG Application for
Anticipated Operational Occurrences (AOO) Transient Analyses." The following are the NRC
staffs resolution of these comments:
GENE Comment:
In the third paragraph of Section 1.0 (lines 21-23), the statements regarding the TRACG code
require some clarification. While not included in the scope of TR NEDE-32906P, the TRACG
code has been submitted for review for several applications to the ESBWR design and already
approved for certain applications to ESBWR.
NRC Resolution:
On page 1, line 22, the words at the beginning of the second sentence of the third paragraph of
Section 1.0 have been changed from 'This code..." to "This version of the code..."
GENE Comment:
The phrase, "The total uncertainty for a figure of merit is characterized by a bias and a standard
error..." which begins the third sentence in the second paragraph of Section 2.0 (lines 17 & 18),
is more correctly, "The total uncertainty for a figure of merit is characterized by a bias and a
standard deviation...."
NRC Resolution:
On page 2, line 18, the phrase "standard error" has been replaced with the phrase "standard
deviation."
GENE Comment:
The reference cited in the last sentence (lines 21-24) of the second paragraph of Section 2.0
and listed in Section 4.0, as Reference 10 was not included in the TR NEDE-32906P,
Revision 2, submittal and is of a type not typically cited in safety evaluations. The use of
TGBLA Version 06 and Panacea Version 11 was initiated following approval of Amendment 26
of GESTAR 1I. This reference or perhaps reference to the appropriate NRC staff techical audit
ATTACHMENT

-2report which documented staff review of the noted Reference 10 is suggested as an alternative
citation.
NRC Resolution:
On page 2, lines 23 & 24, the words "the TGBLA lattice physics code" have been replaced with
the words"GESTAR Il." On page 5, lines 12 & 13, Reference 10 has been changed to replace
reference to TGBLA with reference to Amendment 26 of GESTAR 11.

UNITED STATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, D.C. 20555-0001

October 22, 2001

Mr. James F. Kiapproth, Manager
Engineering & Technology

MFN 01-062

GE Nuclear Energy
175 Curtner Ave
San Jose, CA 95125
SUBJECT:

SAFETY EVALUATION REPORT ON GENERAL ELECTRIC NUCLEAR
ENERGY TOPICAL REPORT NEDE-32906P, REVISION 0, "TRACG
APPLICATION FOR ANTICIPATED OPERATIONAL OCCURRENCES (AOO)
TRANSIENT ANALYSES,- (TAC NO. MA7779)

Dear Mr. Klapproth:
By letter dated January 25, 2000, General Electric Nuclear Energy (GENE) submitted for review
and approval topical report (TR), NEDE-32906P, Revision 0, *TRACG Application for
Anticipated Operational Occurrences (AOO) Transient Analyses," for the use of the TRACG
code for application to boiling water reactor (BWR) AOO's. The primary document describing
the TRACG code is NEDE-32176P, Rev. 2,"TRACG Model Description,o December 1999,
provided by letter dated December 15, 1999. The TR describes the TRACG analysis code and
the assessment of the code's capabilities based on application of the Code Scaling,
Applicability, and Uncertainty evaluation methodology (CSAU).
The staff finds that the subject TR is acceptable for referencing in licensing applications to the
extent specified and under the limitations delineated in the TR and in the associated NRC safety
evaluation (SE). The SE, which is enclosed, defines the basis for acceptance of the TR.
The NRC requests that GENE publish an accepted version of the revised NEDE-32906P within
3 months of receipt of this letter. The accepted version shall incorporate this letter and the
enclosed SE between the title page and the abstract, and add an "-A!' (designating accepted)
following the report identification number (i.e.,NEDE-32906P-A).
If the NRC's criteria or regulations change so that its conclusion in this letter, that the TR is
acceptable, is invalidated, GENE and/or the applicant referencing the TR will be expected to
revise and resubmit its respective documentation, or submit justification for the continued
applicability of the TR without revision of the respective documentation.
Pursuant to 10 CFR 2.790, we have determined that the enclosed SE does not contain
proprietary information. However, we will delay placing this document in the public document
room for a period of ten (10) working days from the date of the letter to provide you with the

Mr. James F. Klapproth-2
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opportunity to comment on the proprietary aspects only. If you believe that any information in
the enclosure is proprietary, please identify such information line by line and define the basis
pursuant to the criteria of 10 CFR 2.790.
The subject TR and supporting documentation has been reviewed by the Advisory Committee
on Reactor Safeguards which has agreed with the staff recommendation for approval by their
letter of September 17, 2001.
If you have any further questions regarding this review, please contact Robert M. Pulsifer at
(301) 415-3016.
Sincerely,

Stuart A. Richards, Director
Project Directorate IV
Division of Licensing Project Management
Office of Nuclear Reactor Regulation
Project No. 710
Enclosure: Safety Evaluation
cc: See next page

GE Nuclear EnergyPrjcNo71
cc:
Mr. George B. Stramback
Regulatory Services Project Manager
GE Nuclear Energy
175 Curtner Avenue
San Jose, CA 95125
Mr. Charles M. Vaughan, Manager
Facility Licensing
Global Nuclear Fuel
P.O. Box 780
Witmington, NC 28402
Mr. Glen A. Watford, Manager
Nuclear Fuel Engineering
Global Nuclear Fuel
P.O. Box 780
Wilmington, NC 28402

Project No. 710

14:19

UNITED STATES

P. 05131

NUCLEAR REGULATORY COMMISSION

IPA

WASHINGTON,

D.C. 20555-MlO

SAFETY EVALUATION By THE OFFICE O-NCERRACTOR REGULATION
NEDE-329W6.

*TR~ACG APPLICATION FOQR ANTICIPATED OPERATIONAL

OCCURRENCES (A001 TRANSIENT ANALYSES0E NUCL.EAR ENERGY
PROJECT NO. 710
1.0

INTRODUCTION

General Electric Nuclear Energy (GENE) and its subsidiary Global Nuclear Fuel (GNF)
submitted TRACG02A (referred to hereafter as TRACG) for NRC review for application to
anticipated operational occurrence (AOO) transient events on January 25, 2000 (Reference 1).
The submittal Includes the code model documents related to the TRACG code (Reference 2).
The TRACG code is a thermal/hydraulic analysis code intended to be used In a realistic
analysis mode. The approach taken by GENE Inthe proposed application Isto qualify the code
under the code scaling, applicability, and uncertainty (CSAU) evaluation methodology
(References 3 an 4), rather than the conservative approach of the past.
The TRAC family of codes began as a pressurized water reactor analysis code developed for
the NRC at Los Alamos National Laboratory. A boiling water reactor (BWR) version of the code
was developed jointly by the NRC and GENE at the Idaho National Engineering Laboratory
(INEL) as TRAC-BD1/MODI (Reference 5). GENE developed a proprietary version of the code
designated as TRACG. The objective of the proprietary code development was to have a code
capable of realistic analysis Of transient, stability, and anticipated transients without scram
(AiWS) events. The code was modified to include a three-dimensional kinetics capability in
addition to the multi-dimensional. two-fluid thermal-hydraulics modeling.
The plant types for which the TRACG code is to be applied include the BWR/2s, BWR/3s,
BWR/4s, BWR/5s, and BWR/6s. The code has not been submitted for review for application to
any other plant design.
2.0

CODE APPLICABILITY

TRACO is a multi-dimensional, two-fluid reactor thermal-hydraulics analysis code with threedimensional neutron kinetics capability. The code Is designed to perform in a realistic manner
with conservatism added, where appropriate, via the input specifications.

-2Table 1 - Applicable Standard Review Plan (SRP) Chapter 15 Events
SRP No.

Event
15.1

-

Increase In Heat Removal by the Secondary System

______

Decrease in Feedwater Flow

15.1.1

Increase in Feedwater Flow

15.1.2

Increase in Steam Flow

15.1.3

Inadvertent Opening of Steam Generator Relief/Safety Valve

15.1.4

15.2 - Decrease In Heat Removal by Secondary System

______

Loss of External Load (LOEL)

15.2.1

Turbine Trip (TT)

15.2.2

Loss of Condenser Vacuum

15.2.3

Closure of Main Steam Isolation Valve (BWR)

15.2.4

Steam Pressure Regulator Failure (closed)

15.2.5

Loss of Non-Emergency AC Power to the Station Auxiliaries

15.2.6

Loss of Normal Feedwater Flow

15.2.7

15.3 - Decrease in Reactor Coolant Flow Rate
Loss of Forced Reactor Coolant Flow (LOCF)

15.3.1

Flow Controller Malfunction

15.3.2

15.4

-

Reactivity and Power Distribution Anomalies

______

Startup of an Inactive, or Recirculation, Loop at an Incorrect Temperature

15.4.4

Flow Controller Malfunction Causing an Increase in BWR Core Flow Rate

15.4.5

115.5

-

Increase in Reactor Coolant Inventory_______

Inadvertent Operation of Emergency Core Cooling System (ECCS) that
Increases Reactor Coolant InventoryJ

1

15.5.2

Chemical Volume Control System (CVCS) Malfunction that Increases
Reactor Coolant Inventory
15.6

-

Decrease In Reactor Coolant Inventory

Inadvertent Opening of a PWR Pressurizer Relief Valve or a BWR
Pressure Relief Valve

15.5.1

______

1
I

15.6.1
I__________
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The current application of the TRACG code does not include transients involving stability
analysis.
3.0

STAFF APPROACH TO REVIEW

The staff performed an extensive review of the TRACG code for application to the loss-ofcoolant accident (LOCA) during the course of the simplified boiling water reactor (SBWR)
review. At that time the code was examined carefully with regards to the thermal-hydraulic
construction of the code. For the application to the AOO transients, the staff has built upon the
previous review. The most intense review for the AOO transients was performed in the areas of
kinetics and statistical analysis. The staff does note that a significant addition has been made
to the thermal-hydraulic field equations in the addition of kinetic energy to the equations.
In the early stages of the review, the staff issued two draft documents (References 6 and 7) for
public comment. The draft Regulatory Guide and draft Standard Review Plan outline the
approach and guidance the staff is using in the review of thermal-hydraulic analysis codes. In
addition, the staff has stated its guidance for code uncertainty analysis in References 3 and 4.
These four documents provide the basis under which the TRACG review has been conducted.
In the course of the review, the staff developed a number of requests for additional information
(Reference 8) and received responses from GENE (Reference 9).
As the review progressed, GENE and the staff held several meetings to discuss the application.
May 25, 1999 - preliminary information meeting
July 15, 1999 - preliminary information meeting
March 16, 2000 - detailed presentation of code methodology
September 11, 2000 - staff review concerns
November 13/14, 2000 - ACRS T/H Subcommittee
August 22, 2001 - ACRS T/H Subcommittee
September 6, 2001 - ACRS
4.0

CODE ASSESSMENT

Assessment of computer codes is normally performed by comparison of code results with data
from appropriate test facilities. The assessment process involves comparisons with data
obtained via phenomenological experiments, separate effects tests, component tests, integral
system tests, and plant tests. Assessment of code capability should also include sensitivity
studies of time step size and nodalization. Nodalization of test facilities is expected to be done
in a manner consistent with the nodalization to be used in a full scale plant analysis.
The TRACG documentation (Reference 2) provides extensive description of the code
assessment that has been performed. Each of the phenomena identified in the Phenomena
Identification and Ranking Table (PIRT) is correlated against the tests, separate effects tests,
component tests, integral system tests, and plant tests and plant data, for which there has been
quantitative assessment performed. The assessment descriptions cover the test facility, where
applicable, the test results, TRACG sensitivity studies and nodalization studies, where
applicable. All medium and high ranked phenomena have been assessed.
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AQO transients is appropriate in that it includes assessment of phenomenological models with
data from separate effects tests, the entire code with systems tests, and the entire code versus
full scale operating plant data. The assessment program has shown the capability of the code
to represent the experimental and operating data.
5.0

STAFF EVALUATION OF TRACG

5.1

Thermal-Hydraulics

TRACG uses a two-fluid model, with six conservation equations for both the liquid and gas
phases along with phasic constituitive relations for closure. A boron transport equation and a
noncondensible gas mass equation are also solved. The spatially discretized equations are
solved by donor-cell differencing in staggered meshes in one, two, or three dimensions. A
unified flow regime map is also used.
The two-phase level tracking model invokes some approximations for the void fraction above
and below the mixture level that may not be accurate if significant voiding occurs below the
mixture level. In addition, the model uses an arbitrary cutpoint, aut for level detection. This is
significant for LOCAs, rather than the current application of TRACG, AOO transients, since they
are not expected to result in significant void formation beyond that which is normal for BWIR
operation. Should significant voiding occur, such as in the case of a LOCA, the two-phase level
tracking model will be reevaluated by the staff.
The TRAC-B code from which TRACG was derived had eliminated the kinetic energy term from
the energy equations by algebraic manipulations. The kinetic energy term has been retained in
TRACG to avoid the energy balance errors that occurred in the TRAC-B codes due to
nonconservation of energy.
The two-fluid conservation equations contain a mixing term to account for turbulent mixing and
molecular diffusion. This is a good addition which the staff accepts due to the acceptable
qualitative results, but notes that the mixing model is qualitative and lacks experimental data
necessary for validation. While there is a lack of direct experimental data for assessment, the
overall performance of the model versus the more global data which do exist is acceptable.
TRACG solves the heat conduction equation for the fuel rods in cylindrical geometry and for
structural materials in slab geometry. The latter case uses either a lumped slab model or a
one-dimensional slab model. A strength of the TRACG heat conduction model is the
sophisticated gap conductance model and the implicit solution method that couples implicitly the
heat transfer between the fuel rod and the coolant by iteration. Although TRACG solves the
heat conduction equations in only one-dimension, it does account for axial conduction by
means of a correlation developed from two-dimensional (r,z) parametric calculations of the heat
conduction in a fuel element. This is only important in modeling quenching or reflood in the
core in a LOCA.
The TRACG code has had the GEXL heat transfer correlation installed. The GEXIL correlation
development is independent of the TIRACG development. During the week of March 26, 2001,
the NRC staff visited the GENE facility at Wilmington, North Carolina, as part of the review of
the power uprate for Duane Arnold to audit material pertinent to the licensee's power uprate.
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for the GE14 fuel, analyses of ATWS event, and LOCA related analyses. In the early stages of
the audit, the staff discovered that GENE was using data generated by the computer code
COBRAG, instead of experimental data obtained from their CHFP test facility in San Jose,
California. The use of artificial data instead of raw data called into question the validity of the
statistical results obtained from this methodology. The statistical results are important because
they are used to establish the validity of the minimum critical power ratio (MCPR) safety limit.
GENE has proposed to resolve this issue by agreeing to remove the COBRAG reliance and
recalculating the uncertainty associated with the development of GEXL14 correlation. GENE
will then submit this re-calculation of the correlation uncertainty for staff review. GENE has not
indicated whether it will submit the COBRAG code for staff review, nor has GENE indicated
whether it intends to obtain additional data to complete their data base for the GE14 fuel in the
future. Based on this ongoing review of the correlation, the staff concludes that it is acceptable
to use the GEXL14 correlation in TRACG, provided that when the NRC approves the critical
boiling length correlation uncertainty, that same uncertainty is also applied in use of TRACG.
The thermal-hydraulic models are acceptable for the intended application to AQO transients.
5.2

Component Models

TRACG uses basic component models as building blocks to construct physical models for
intended applications. This provides a general and flexible tool to simulate a wide variety of
systems. The components modeled include the pipe, pump, valve, tee, channel, jet pump,
steam separator, steam dryer, vessel, upper plenum, heat exchanger, and break and fill as
boundary conditions. The code is limited in that the heat exchanger contains simplifying
approximations which may not be appropriate for simulating the isolation condenser or the
condenser in the balance of plant. Should the code be applied to transients requiring a
condenser, a separate model will be needed or the ability to adequately model the condenser
must be demonstrated.
TRACG uses a first-principle mechanistic model for the steam separator. The model has been
validated against full-scale performance test data for two-stage and three-stage steam
separators. The important parameters that have been assessed are the pressure drop,
carryunder and carryover which match the test data by means of correlation constants. The
data base covers the applicable range for the intended AQO transients and the model is
therefore acceptable.
5.3

Control Systems

TRACG uses control systems constructed by the user from 63 basic control block types. The
types of control blocks available are sufficient to represent any control system. This allows both
a flexible tool and flexible interface with the hydraulic component models. A wide variety of
possible dynamic processes can be simulated with the control system models.

-65.4

Numerics

The TRACG numerics represent a significant improvement over its predecessor, TRACBDI/MODI. By default, TRACG uses a fully implicit integration for hydraulic equations and
heat conduction equations, accomplished by a predictor-corrector iterative technique. The heat
transfer coupling between the heat conduction and coolant hydraulics is also treated implicitly
by an iterative technique. This implicit coupling is an improvement over explicit coupling since it
is less prone to an error on the phase shift and amplitude in a thermally-induced oscillation.
The coolant hydraulic solution has the option of an explicit integration for time-domain stability
analyses where implicit integration may suppress real physical oscillations. The staff notes,
however, that the current application of the code does not include stability analyses. TRACG
was accepted in a limited way by the staff (Reference 10) as part of the detect and suppress
solutions licensing basis methodology to define setpoints. Should the applicant want to apply
the code to stability analyses beyond that limited approval, the staff will review the methodology
for that purpose.
The control system equations are solved sequentially based on the order in which the control
blocks are specified in the input. This makes it a potentially explicit integration scheme. If a
feedback loop exists in the control system, an implicit solution of the control system equations is
impossible. To make sure that the control system will be stable, TRACG uses a sufficiently
small time step size (always less than or equal to the hydraulic time step size) to integrate the
control system equations.
5.5

Neutron Kinetics

5.5.1

Model Descrigtion

The TRACG kinetics review focused on evaluating the derivation of the equations, their
implementation in the code and using the code to predict several test problems. The derivation
of the equations is discussed in chapter 9 of the Models and Correlations document (Reference
2). Starting with three group theory for the neutron flux, the model is simplified to a one group
representation of the neutron flux. Delayed neutrons are modeled with a six group model and a
five group model is available for decay heat. The flux model is then further simplified by
imposing a quasi-static assumption which allows for the space and time dependence to be
decoupled. This decomposition leads to an amplitude equation which is analogous to the point
reactor kinetics equations and an equation for the shape function which is equivalent to the
three-dimensional flux distribution.
Several auxiliary models are used to account for the affects of direct moderator heating, energy
deposition in structural materials, and gamma smearing. Direct moderator heating accounts for
prompt energy deposition in the fluid from neutron moderation and prompt gamma heating.
This energy is then further subdivided into an in-channel and a bypass component. The inchannel component refers to energy deposited into the voided region inside the fuel channel
and the bypass component is the energy deposited into the regions between the fuel channel.
This model accounts for void effects for which the uncertainty and bias was quantified using the
Monte Carlo Code for Neutron, Photon and Electron Transport (MCNP). Similarly, the
uncertainty and bias in the fuel structure and gamma smearing modes were quantified using
MCNP calculations.
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The kinetics equations are solved using standard finite differencing techniques. Typically they
are solved on a rectangular grid six inches square which is equivalent to the mean free path of
a fast neutron. The calculation uses two governing time intervals; one in which only the
amplitude equation is solved and one in which the shape function is updated. The shape
function update is synchronized to the thermal-hydraulic time step and the amplitude function
time step is deduced by applying extrapolation techniques and using a user input convergence
criterion. The thermal-hydraulic time step is governed by the rate of change of many variables,
one of which is the total power. If the system is changing too rapidly within a time step, the
entire solution is returned to the previous time step value, the thermal-hydraulic time step is
reduced and the procedure is repeated.
Lattice-averaged neutron cross sections in three energy groups are generated using GENE
lattice physics methods. This information is fed into TRACG via the GENE three-dimensional
steady state design code PANACEA which is used to define the TRACG initial condition. Cross
sections are represented by functional fits over the expected range of density, square root of
fuel temperature and boron concentration. The functional fits also account for the historical
impacts due to water density and exposure. The density used in the fitting procedure is the
"effective" nodal value which is a weighted average of the in-channel, water rod and bypass
density. This model imposes the assumption that all neutrons behave similarly whether they
slow down in the fuel or bypass region. The "effective" density model has no effect on the
proposed application under review because for AQO analyses no significant water rod or
bypass voiding (or density change) is expected. Therefore, the staff has not reviewed this
model. This model would need to be re-considered and reviewed by the staff before TRACG
was applied to ATWS analyses beyond previously accepted use for bench marking ODYN
(Reference 11).
5.5.2

Review of GNIF Submittal

The staff reviewed the TRACG kinetics model in three ways: first, the staff judged the written
material presented in the Models and Correlations document, the Assessment Manual and
responses to staff's RAls; second, the staff reviewed the results from the assessments against
experimental data; and, third, the staff completed a performance-based assessment of the
code by evaluating its predictions to another set of results to a sample problem. The model
was well developed from the three group diffusion theory model which was the assumed
starting point. Although not currently widely used, the use of the factored one group diffusion
theory model is well established and has been successfully applied in the past (Reference 12).
The GNIF factorization method is an extension of traditional quasi-static methods because the
shape function is also a function of time. The cross-section formulation captures all of the
relevant physics, and formulations such as those used in TRACG have been demonstrated by
the Peach Bottom turbine trip benchmark study discussed in the Assessment Manual to be
accurate enough to successfully model the small perturbations expected for AQO analyses.
The auxiliary models for direct moderator heating, energy deposition in the structure and
gamma smearing capture all of the relevant physics. It is difficult to assess each contribution
separately because they will have a small effect on the predictions. However, based on the
integral benchmarks presented in the Qualification document, these models are appropriate.
One model which is not documented in the Models and Correlations manual, but is discussed in
References I and 9, attempts to modify the lattice physics prediction of void reactivity based
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performance-based review is discussed.
The decay heat model is predicated on the assumption that delayed neutron decay is
exponential in nature. The fission precursors are grouped into five distinct bins each with a
representative decay constant and fission fraction. The model for decay power for each
"group" is then integrated using an exponential integrating factor. The model has a set of
default or "built in"decay constants and fission fractions based on the May-Witt decay heat
curves. This model used in its default mode has the ability to model decay power either as an
average of different fuel types similar to the ANS 5.1 model or it can capture the detailed
spectral effects on decay heat by overriding the default values and using fuel specific decay
constants and fission fractions. The default parameters have been shown to be acceptable for
AQO analyses by comparing the results to the latest ANS 5.1 standard.
The solution procedure leverages the factorization concept by solving the amplitude and shape
function equations on a different temporal grid. Each governing time step is chosen by the
code based on logic which is controlled by user input convergence criteria. This model is best
reviewed by evaluating its ability to model experimental data representative of the expected
application and sensitivity studies. Time step and sensitivity studies discussed in Reference 1
demonstrate that this model is acceptable because the chosen convergence criteria are shown
to be insensitive to further reductions.
All of these models are combined into a code which will be applied by GNF to model AQO
transients. AQO analysis is designed to evaluate whether or not specified acceptable fuel
design limits (SAFDLs) are exceeded. The figure of merit for these types of analyses is the
MCPR. Kinetics codes are needed to predict the direct heating of the coolant via gamma
absorption and the energy deposited in the fuel. The energy deposited in the fuel is the
dominant parameter. Energy deposition in the fuel is important because for a correlation such
as the one used by GNF one must know the boiling length in order to predict the critical power.
The boiling length is directly proportional to the fuel heat flux which is dependent on the fuel
temperature. The fuel temperature is derived from the energy deposition. For convenience the
fission power is often used as the metric for energy deposition. In this study, both energy
deposition and power are considered.
5.5.3

Review of Experimental Benchmarks

GNIF assessed TRACG against the Peach Bottom turbine trip tests. Three turbine trips were
performed at the Peach Bottom Nuclear Power Plant to generate data for code assessment.
These tests were initiated at three different power and flow conditions during the coastdown
following Cycle 2 operation in 1977. The core consisted of initial load 7x7 fuel and retrofit 8x
fuel. The 7x7 fuel was the dominant fuel type. These results show that TRACG correctly
predicts the Peach Bottom test's fission power data to within an acceptable error.
Another kinetics assessment which is presented in the topical report is a prediction of one of
the cold SPERT Ill E-Core experiments. The SPERT Ill E-Core is a challenging experiment to
model and of limited usefulness when considering applications to AQO transients given the
differences between the test parameters and the conditions expected during an AQO. The
SPERT tests were initiated by ejecting a control rod and were intended to develop data for code
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review of the results presented by GNF in the TRACG assessment manual that TRACG
overpredicts the flux peak by 40 percent, but predicts the total energy with an error in the
integrated energy of 10 percent. As the staff learned when it demonstrated the capability of our
methods to predict the SPERT Ill E-core, the SPERT reactor is difficult to predict. The staff has
not attempted to identify the reason for the discrepancy between the TRACG results and the
SPERT data. The GNF results are mentioned to reinforce the point that due to the differences
between the test conditions and the conditions expected during AQO events, the staff has not
considered the TRACG SPERT calculations in our assessment.
5.5.4

lndeo~endent Analyses of TRACG

As is its current practice, the staff ran many TRACG cases on NRC computers at headquarters.
The VMS operating system was installed on a staff DEC Alpha system and TRACG was
installed on the machine. GNF personnel assisted the staff in this initial installation and with
subsequent software issues. A test problem provided by GNF was run to check the installation.
This case confirmed that the installation was successful and that the code predicted answers
equivalent to those calculated at GNF.
The staff and GNF defined a problem intended to reduce the variability of the generated cross
sections which would allow the focus to be on the differences in the kinetics modeling. The
staff carefully defined this model because it was expected that there would be some variability
in lattice physics inputs. In addition, due to the GNF kinetics solver and its use of three-group
cross-sections with neutron energy spectrums characteristic of BWR lattices, the staff was
unable to provide GNF with physics input to ensure that the lattice physics was not influencing
the kinetics results. The initial core consisted of five different modern GNF fuel types at zero
exposure. The model contained no components other than the channels and a vessel used to
model the core bypass and the upper and lower plenum. Core inlet and exit conditions were
modeled with velocity and pressure boundary conditions, respectively. Even with all of the care
put into the model definition, unacceptably large differences in predicted lattice void reactivity
were evident based on an assessment of the first transient analyses of the test core. Based on
differences in input void reactivity, this model was further simplified to two fuel types. This void
reactivity effect was caused by differences in the input cross sections because the staff and
GNF lattice physics methods predicted different trends in the infinite eigenvalue as a function of
void reactivity for certain GNF fuel lattices. Although the cause of this difference has not been
identified and the staff is still considering this problem, it was appropriate to define a simpler
core based on fuel types that did agree well to allow the TRACG review to proceed because the
lattice physics analysis is not part of this review.
The staff and GNF predictions of the two fuel type core are compared in Figures 1 and 2.
Figure 1 shows a three-dimensional view of the initial steady state power distribution and Figure
2 shows the infinite eigenvalue as a function of time for the two fuel types used in the core.
One difference between the two predictions in Figure 1 is the fact that the staff results are not
as smooth as the GNF analyses. This difference is typical when comparing modern nodal
methods to finite difference methods, possibly because nodal methods attempt to more
accurately account for inter-assembly gradients. Otherwise, Figure I demonstrates that the two
methods quantitatively agree well with one another. Figure 2 shows that the void reactivity
input into the two respective kinetics codes is equivalent.
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pressure increase was modeled; second, an inlet flow decrease was modeled; and, finally, a
main steam isolation valve (MSIV) closure transient was simulated. The first two transients
were run to evaluate TRACG's ability to predict changes in total reactivity. The figure of merit
for a test such as this is total power. In Figures 3 and 4, the two codes compare well with one
another with regard to the change in reactivity from the imposed transient. The final transient is
intended to assess TRACG's ability to predict prompt critical power changes similar to those
expected during limiting AQO transients.
The MSIV closure simulation is modeled by imposing changes to the inlet and outlet boundary
conditions. These changes were predicted from another TRAC model which modeled the entire
reactor system and the balance of plant. Conditions as a function of time in the upper and
lower plenum were extracted from this case, scaled to the test problem, and entered into the
velocity and pressure boundary conditions. The staff compared the affects of many of the
TRACG models on the results of this problem and many different cases were run. Only one
model was found to significantly alter the results from the base case. The staff will refer to this
model as the PIRT18 model. This model was previously mentioned in Section 5.5.2 of this
safety evaluation. This model uses a set of precalculated MCNP results for various GNF fuel
types as a function of void fraction and exposure to adjust the results from the standard GNF
lattice physics methods. This adjustment is accomplished by modifying the reference density
used in the TRACG fitting algorithm.
The staff independently assessed this model because the TRACG results are sensitive to it.
The staff ran many MCNP calculations of a GNF fuel lattice using different modeling
assumptions and different cross sections based on ENDF/B-V and ENDF/B-VI data. The
results of the assessment identified a weakness in the GNF model. The GNF model uses the
MCNP code, which is a Monte Carlo solver, to predict point values. Monte Carlo methods do
not yield point answers; rather, they provide statistically significant ranges of answers. As the
staff results in Figure 6 show, a wide range of different, but statistically equivalent answers, can
be attained by using different cross section formulations and different (but equivalent) modeling
assumptions. The differences presented in Figure 6 would not typically be of concern if it were
not for the fact that BWRs are sensitive to void reactivity changes on the order of magnitude of
the 95th percentile confidence intervals of the MCNP results.
Based on the results of the three review efforts, the staff considers that the TRACG kinetics
code can adequately model AQO transients. The written material allowed the staff to conclude
that there is reasonable assurance that the model captures all of the relevant phenomena and
that the equations are appropriately derived. The method of solution has been used in other
methods and the description provided in Reference 2 allows the informed reader to conclude
that the mathematical formulations are adequate. Although the staff discounted the SPERT
experimental validation, the results of the Peach Bottom assessment provide enough
experimental evidence for the staff to make a finding that there is reasonable assurance that
TRACG can predict AQO transients. The Peach Bottom benchmarking presented by GNF is a
valuable result when one considers whether a code can adequately model the phenomena
relevant to pressurization AQO transients. These results demonstrate that the TRACG kinetics
model is capable of predicting the reactor power during a pressurization transient.

11

-

As one can see from the previous section, the staff spent considerable effort attempting to
reconcile the differences between the TRACG and the TRAC/NESTLE independent
assessment results. In the end this work focused on understanding the PIRT1 8 model. As one
can see from Figure 5, it does significantly affect the peak power. However, after considering
that the proposed application of TRACG is to AQO analyses, the staff concluded that this effect
on peak power is not significant because when the peak is under-predicted, the global reactivity
balance will force the tail to be over-predicted and TRACG has been shown to adequately
predict the global reactivity balance. This has the affect of compensating for the effect that the
PI RTi 8 model has on the key parameter of interest from the kinetics solver in AQO analyses,
which is energy. Energy, not power, drives changes in critical power ratio. As one can see
from Figures 7 and 8 both codes predict similar energy deposition. Figure 7 shows the energy
as a function of time and Figure 8 shows the relative difference in energy as function of time
between TRACG and TRAC/NESTLE. The staff has, therefore, determined that although the
basis for this model has not been well established, its effect on AQO transient results will be
minimal as demonstrated in Reference 9. In this evaluation, the affect of the PIRT1 8 model on
the ACPRIICPR results has been shown to be insignificant. This model will have to be
reassessed and better justified should GNF desire to use it for RIA analyses.
Returning to the discussion of Figure 5, the staff results and the TRACG results are in
reasonable agreement. Although the TRACG results without the PIRT18 model agree better
with the staff results, the results with the PIRT18 model are acceptable when one considers the
following:
1.

TRACG compares well with the Peach Bottom turbine trip tests. Although these tests
were not as limiting as the transient considered in the test problem and the Peach
Bottom core used older BWR fuel that was easier to analyze, the results do provide
evidence that TRACG adequately simulates pressurization transients; and

2.

The TRACG results, when compared to the staff's results, do not differ significantly
enough to affect predictions of ACPRIICPR values. This is true because as mentioned
earlier critical power is a function of energy deposition, not power.

5.5.5

Summary of Findings

In summary, the staff has reviewed the theoretical development of the TRACG code, the
validation presented by GNF, and the information generated during our own analytical
assessment of TRACG. The staff finds that the information presented on the theoretical
development of the kinetics solver and its associated models is adequate to support the
conclusion that these models are correctly derived and account for the important phenomena
involved in AQO analyses. The benchmarking presented by GNF, most notably the
comparisons to the Peach Bottom turbine trip experiments, demonstrate that for a core loaded
with older BWR fuel under conditions similar to those expected during AQO analyses, TRACG
adequately predicts the key parameters. In addition, assessments are also presented using
plant data from Hatch MSIV closure, Nine Mile Point 2 pump upshift test, and the Leibstadt loss
of feedwater event. Thus, a range of fuel generations have been included in the assessment
cases. Finally, the independent assessment efforts of the staff focused on evaluating TRACG's
ability to predict modern fuel for limiting transients, while not showing exact agreement with
diverse methods, provides the staff with enough confidence in TRACG to conclude that it is
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acceptable for AQO analyses. Issues discovered with the PIRT18 model do not significantly
affect these conclusions because it has been shown that this model does not impact the
primary result (ACPRIICPR) of AQO analyses. Should GNF wish to apply TRACG to RIA
analyses using this PIRT18 model, further justification will need to be provided. Most
importantly, GNF will be required to demonstrate how the MCNP code can reliably predict point
estimates for BWR lattice k-infinity values.
5.6

Statistical Methodology

In the subject report GENE requests review and approval by the NRC of:
1. The uncertainties documented in Section 5.0.
2. The statistical methodology for analyzing AQ0s described in Section 7.0.
This evaluation is limited to these two sections.
The general overall analysis approach in the subject report follows the code, scaling
applicability and uncertainty (CSAU) analysis methodology (Reference 3). This methodology
consists of 14 steps that are addressed in the TRACG application in the subject report. The
first few steps in the CSAUJ methodology identify and rank the physical phenomena important to
judging the performance of the safety systems and margins in the design. The phenomena are
compared to the modeling capability of the code to assess whether the code has the necessary
models to simulate the phenomena. Most importantly, the range of the identified phenomena
covered in experiments is compared to the corresponding range of the intended application to
assure that the code has been qualified for the highly ranked phenomena over the appropriate
range.
5.6.1

Model Uncertainties and Biases

This section quantifies the overall biases and uncertainties of the individual models associated
with each high and medium ranked phenomenon in TRACG. The biases and uncertainties are
computed and evaluated by comparing calculated results to: (1) separate effects test facility
test data, (2) integral test facility data, (3) component qualification test data, and (4) BWR plant
data. The sensitivity of ACPRIICPR, the basic figure of merit for AQO transients, to the
estimated magnitude of the uncertainty of each phenomenon is quantified for a typical BWRI4
plant for a turbine trip without bypass transient.
For each applicable phenomenon, Table 5-5 of Reference 1 summarizes quantitatively the bias
and uncertainty associated with the parameters. For those parameters where there is sufficient
and appropriate test data to compare to calculation, a statistical estimate is made of the bias
and variance of the distribution. The distributions are tested for normality via the AndersonDarling statistic and accepted as normal at the 5 percent level. For those phenomena where
the descriptive statistics are explicitly shown, all distributions met this acceptance criterion
except for some of the TRACG comparisons with respect to jet pump characteristics (Figures 519 and 5-21 of Reference 1). This non-normality appears, to some extent, to be most likely due
to the relative small sample size with respect to the other phenomena.
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For phenomena where data are not available, code comparisons are used to estimate the
biases and variances. A parameter of particular importance for BWR AQO analysis and which
falls into this category is the void coefficient. Inthe context of the TRACG three-dimensional
transient neutron diffusion equations using one neutron energy group and up to six delayed
neutron precursor groups, the nodal reactivity is computed in terms of the infinite multiplication
factor, migration area, the fast group removal cross-section and fast group diffusion coefficient.
These parameters are correlated to the void coefficient in terms of the moderator density. The
infinite multiplication factor's dependence is also related to a history-weighted moderator
density and nodal exposure.
The dominant component in the biases and uncertainties in the void coefficient is attributed to
the biases and uncertainties in the infinite lattice eigenvalues calculated with the lattice physics
code TGBLA. The TGBLA code is used to generate the cross section fits that are evaluated in
TRACG. The biases and uncertainties associated with the TGBLA computed infinite
multiplication factors are estimated by comparing the TGBLA results to those computed with
the continuous energy Monte Carlo code MCNP (Reference 13).
GENE has evaluated the performance of MCNP against a set of critical experiments spanning a

range of temperatures and fuel types; in particular Babcock and Wilcox
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experiments. The

results indicate that the code performs very well in comparison to the experiments (Reference
14). Thus, the results of the Monte Carlo calculations are taken as the "true" value of k-infinity
in estimating bias and uncertainty of the void coefficient.

The bias and uncertainty in the void coefficient are computed based on k-infinity calculations by
TGBLA and MCNP. The void coefficient at each lattice - exposure - in-channel void fraction
can be computed for both the TGBLA and MCNP generated k-infinity values. The bias at a
lattice-exposure-in-channel void point in the TGBLA void coefficient is defined as the difference
at that point between the void coefficient computed by TGBLA and MCNP. Inthe analysis of an
AQO, the initial spatial distribution of composition and void fraction are fixed within each node.
The value of the bias and the uncertainty at that node are defined as the average of the biases
associated with the lattices. The uncertainty is then the root-mean-square deviation of the
biases from the mean bias at each exposure - in-channel void point. To implement these in
TRACG requires a transformation from in-channel void fraction to relative water density for
application to the number densities in the nodal neutronic calculation and the normalization of
the TGBLA - MCNP differences in k-effective.
The claim is made that the lattices are a random sample from "literally thousands that are
available" (Reference 8). In principle, the sample size is too small to characterize such a large
population, unless the variation in the parameters of interest is well represented and/or does not
have a large span. The latter appears to be the case, since the GENE Wx,9x9 and 1OxI 0
geometric designs are included, and the differences between product lines is less important
than the isotopic composition and concentrations as specified by the exposure. Table 5-1 of
Reference 1 gives the p-values for the Andersen-Darling statistic and demonstrates the
normality at the 5 percent level at each exposure - in-channel void fraction point.
GENE has assessed the sensitivity of ACRP/ICPR to an individual perturbation of each of the
phenomena under consideration, and has demonstrated the effect to be small.

-
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5.6.2 Combination of Uncertainties
Estimation of Design Limits
GENE has assessed the different basic methods for combining uncertainties, such as
propagation of errors, Monte Carlo sampling methods in conjunction with the response surface
technique and the evaluation of one-sided upper tolerance limits based on order statistics, or
normal theory where applicable. Due to the limitation of the linearity assumption in the case of
the propagation of errors, and the prohibitively large number of TRACG runs in the case of the
response surface technique, GENE has chosen the estimation of one-sided upper tolerance
intervals based on normal theory, when appropriate, and otherwise on order statistics. It is
recognized that, especially in the case of order statistics, this results in more conservative
design limits than one would obtain on the average from the other methods.
The methodology for combining the individual biases and uncertainties in the TRACG model
and plant parameters in order to generate a probability density function of the code output of
primary safety criteria parameters is based on Monte Carlo sampling. That is,the distributions
given in Table 5-5 (Reference 1) are sampled at random; and for each sample of parameters
an AQO transient is computed with TRACG. The histogram of the code output of primary
safety criteria parameters forms the estimate of the probability density function and forms the
basis for the design limits.
A histogram of at least 59 TRACG outputs is tested for normality. If normal, the 95/95 upper
tolerance quantile value can be computed from normal theory. The interval is interpreted as
containing 95 percent of all possible TRACG outcomes for the particular AQO with 95 percent
confidence. If the normality test fails at 59 outcomes, the nonparametric method of order
statistics is applied. The computation of a 95/95 upper tolerance quantile value in
nonparametric statistical theory requires a sample size of at least 59 observations.
Operationally the sample is ordered by value, from lowest to highest; and the 59th value
becomes the upper 95/95 tolerance limit. The interpretation of the interval is that 95 percent of
all possible TRACG outcomes for the particular AQO lie below the 59 1houtcome with 95 percent
confidence. The interval based on normal theory is likely to be much more narrow than the one
computed with nonparametric methods.
Determination of Operating Limit Minimum Critical Power Ratio (OLMCPR)
The approach to deriving an OLMCPR is to impose an uncertainty on the models and plant
parameters judged of high importance in determining the progression of the transient computed
with the TRACG code and based on the variation in the transient due to the uncertainties
compute the probability of avoiding the boiling transition.
The general approach to accounting for statistical uncertainty in thermal-hydraulic test data and
measurements of the core operating state is to evaluate an MCPR. The safety limit minimum
critical power ratio (SLMCPR 9 ,.9 ) is determined so that less than 0.1 percent of the rods in the
core are expected to experience boiling transition at this value (i.e., 99.9 percent of the rods in
the core are expected to avoid boiling transition ifthe limiting MCPR is greater than the
SLMCPRý9 9. ).

-15The concept of an OLMCPR is introduced to assure that the safety limit is not exceeded during
a transient. In principle, the OLMCPR can be computed for the limiting AQO by running a large
number of TRACG transient calculations and randomly varying in each calculation the initial
conditions, model parameters and plant parameter based on the distributions established in
Section 5.0. These computations can, in principle, generate histograms of rod critical power
ratios (CPRs) for a core under transient conditions.
Central to evaluating SLMCPR; 9 ., is the computation of the number of rods subject to boiling
transition (NRSBT) which is based on the experimental critical power ratio (ECPR) distribution
from data obtained at GENE's ATLAS test facility. Operationally, the probability that some rod
"i" operating at MCPR, is in boiling transition is given by the integral of the ECPR distribution
from MCPRi to +-o. It should be noted that the distribution of the random variable ECPR is
based on experimentally measured values, while MCPR is computed at thermal-hydraulic
conditions based on TRACG calculations. Strictly speaking, only if ECPR and MCPR have the
same distribution can a probability based on an observation of MCPR be computed with the
probability density function of ECPR. For the analysis at hand, this discrepancy in the
numerical value of the probability that a rod is in boiling transition is likely to be very small.
GENE has done extensive sensitivity analysis of ACPRIICPR to variations in the parameters
deemed important and demonstrated very low sensitivity. Furthermore, the standard deviation
of these parameters is generally on the order of a few percent, thus indicating that the
difference in the distributions is small. In addition, the MCPR values of interest lie in the tail of
the normal distribution and the small differences between MCPR and ECPR contribute little to
the probability that a rod is in boiling transition.
The expected number of rods subject to boiling transition can be computed by summing the
probability that a rod is subject to boiling transition for all the rods in the core. The OLMCPR is
then determined from the limiting MCPR value in the core when the NRSBT equals 0.1 percent.
The drawback to the above approach is the large number of TRACG transient calculations
required for a sufficiently high confidence in the results. The currently approved approach to
determining OLMCPR is divided into two distinct steps. First the SLMCPR,,.9 is determined.
The OLMCPR is then established by adding to SLMCPR 999, the maximum change in MCPR
(ACPR, 5195) expected for the most limiting transient event. The transient uncertainty in ACPR
for computing ACPR, 51 95 is obtained by Monte Carlo trials combining model uncertainty with
uncertainties in the plant parameters such as core power and scram speed.
The proposed approach uses TRACG for computing the thermal-hydraulic conditions during a
transient and builds on the currently approved methodology for establishing the OLMCPR. The
approach is based on the following computations. For each tvoe of AQO and for each class of
BWR plant type and each fuel type the "generic" transient bias and uncertainty in ACPRIICPR
is determined based on TRACG runs using nominal initial conditions, random variations in the
models and plant parameters. Since an OLMCPR is to be established for a specific
plantlcycle/event, a TRACG transient calculation is performed for such a specific
plant/cycle/event starting from nominal initial conditions. This results in a nominal ACPRIICPR
for this specific event. Based on these (i.e., "specific" nominal ACPRIICPR and a "generic"
ACPRIICPR uncertainty), a MCPR can be computed for each rod in the specific core. As in the
previous described methodologies, the value of NRSBT for each rod is computed as an integral
from the rod MCPR to infinity over the ECPR probability density distribution. The initial

-16minimum CPR value corresponds to the OLMCPR when the mean value of NRSBT is equal to
0.1 percent.
5.6.3

Summary of Findings

Inthe subject report, GNF has documented the quantification of uncertainties as applied to
realistic nominal results of TRACG analyses such that less than 0.1 percent of the fuel rods are
expected to experience a boiling transition for the most severe AQO. The approach follows the
accepted CSAU analysis methodology by which the physical phenomena important to judging
the performance of the safety systems and margins in the design are elicited by the Delphi
Method. GNIF has quantified the uncertainties and biases in models associated with these
identified and highly ranked phenomena based on experimental data and computation with
validated codes. The process is acceptable and the quantities are reasonable. These together
with the computed sensitivity estimates of ACPR/ICPR with respect to variation in the model
parameters indicate smoothness and stability in the solution to TRACG transient computations
within the uncertainties in the models. Moreover, random sampling from the estimated
uncertainty distributions in the model parameters is likely to be adequate in light of "the curse of
dimensionality."
The objective of estimating the uncertainties associated with the TRACG models is to
determine the OLMCPR so as to demonstrate acceptable margins to design limits. The
proposed methodology groups the TRACG statistical studies by eventlBWR type/fuel type;
thereby establishing a generic bias and uncertainty. Subsequently, any, for example, BWRI4
type plant loading GENE14 fuel can utilize the generic bias and uncertainty of the group for a
specific transient event. The separation of analysis of the transient behavior under uncertainty
into a generic transient bias and uncertainty in ACPRIICPR and a nominal ACPRIICPR for the
specific plant/cycle/event under consideration is reasonable and avoids running on the order of
100 TRACG transient calculations for each AQO.
5.7

Code User Experience

The TRACG code uses an input deck which closely emulates the input deck of the original
TRAC base code it grew out of. Therefore, a knowledgeable user of TRAC can readily
understand the structure and design of the TRACG input decks. An appendix to the model
description document facilitates the transfer between codes by outlining the major changes
between the TRAC-BFI7 and TRACG codes. The user's manual for TRACG contains less
guidance than the original TRAC base code user's manual. Significant changes to the input
deck design are in the areas where GENE has expanded or refined the original code to more
easily model BWR systems or components or to include proprietary modeling in the code.
TRACG maintains the execution structure for control blocks of the original TRAC code. This
structure will only allow the execution of the control blocks in the numerical order they are
entered into the code. This limitation requires the renumbering of control blocks if additional
control blocks are needed after the original deck is created. Renumbering the control blocks
and changing the associated variables in the blocks can be a source of user error. Additionally,
this limitation can introduce difficulty if a feedback loop exists in the control system. To reduce
the impact of this limitation, a small time step size must be used. While the user manual gives
some general guidance on the maximum time step size, it is not very clear on this issue.

17Instead, it mentions that the automatic control algorithm will respond to the numerical instability
caused by reducing the time step size. Additional guidance on this issue would be very helpful
to the user.
In TRACG the user creates an initial input deck which is then run under the steady state option
of the code until steady state conditions are achieved. During this steady state calculation
procedure, the code will determine the correct flow regimes for the components and use the
constitutive relations for these flow regimes. This prevents the user from using options to
change the relations. Steady state conditions are determined by the user through inspection of
the time rates of change of the thermal and fluid variables. This can be a source of error if the
user identifies a state which may not be changing significantly at the time step chosen but is not
the actual steady state condition.
GENE has developed standard input for the classes of BWR systems this code will be used to
analyze. This standard input was developed after sensitivity studies to ensure that the
modeling parameters chosen would not bias the analysis results. These standard input sets will
reduce the user introduced error in the code results.
6.0

CONDITIONS AND LIMITATIONS

The following are conditions and limitations on use of the TRACG code for analysis of AQO
events.
I1.

Use of the GEXL14 correlation is acceptable provided that when the NRC approves the
critical boiling length correlation uncertainty it is applied in TRACG.

2.

Should the applicant want to apply TRACG to stability analyses beyond the limited
application discussed in Reference 13, the methodology is to be submitted for staff
review for that purpose.
& TRACG is not acceptable for application to ATWS analyses without specific staff review
for that purpose, beyond previously accepted use for bench marking ODYN (Reference
14).

4.

The PIRTIB8 model will have to be reassessed and better justified before TRACG can be
applied to RIA analyses. Most importantly, GNF will be required to demonstrate how the
MCNP code can reliably predict point estimates for BWR lattice k-infinity values.

5.

Should the code be applied to transients requiring a condenser, a separate model will be
needed or the ability to adequately model the condenser must be demonstrated.

7.0

CONCLUSIONS

The staff supports the efforts of applicants to integrate codes for analysis of accidents and
transients rather than manual transfer of information between the codes. Integrating the
thermal-hydraulic, fuel rod performance, and other codes, permits a smoother and more
accurate prediction of the performance of the system under accident conditions.
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The TRACG code has had the GEXL heat transfer correlation installed. Based on reviews of
that correlation, the staff has concluded that it is acceptable provided the NRC approved critical
boiling length correlation uncertainty is applied.
The staff has reviewed the theoretical development of the TRACG code, validation presented
by GNF, and information generated during our own analytical assessment of TRACG. The staff
finds that the information presented on the theoretical development of the kinetics solver and its
associated models is adequate to support the conclusion that these models are correctly
derived and account for the important phenomena involved in AQO analyses. The bench
marking presented by GNF, most notably the comparisons to the Peach Bottom turbine trip
experiments, demonstrate that for a core loaded with older BWR fuel under conditions similar to
those expected during AQO analyses, TRACG adequately predicts results. Finally, the
independent assessment efforts of the staff, which focused on evaluating TRACG's ability to
predict fuel behavior for limiting transients, while not showing exact agreement with diverse
methods, provides the staff with enough confidence in TRACG to conclude that it is acceptable
for AQOanalyses. Issues discovered with the so-called PIRT18 model do not significantly
affect these conclusions because it has been shown that this model does not impact the
primary result (ACPRIICPR) of AQO analyses. Should GNF wish to apply TRACG to RIA
analyses using this PIRT18 model, further justification will need to be provided. Most important,
GNF will need to demonstrate that a Monte Carlo code can reliably predict point answers.
GNF has documented the quantification of uncertainties as applied to realistic nominal results
of TRACG analyses such that less than 0.1 percent of the fuel rods are expected to experience
a boiling transition for the most severe AQO. The approach follows the accepted CSAU
analysis methodology by which the physical phenomena important to judging the performance
of the safety systems and margins in the design are elicited by the Delphi Method. GNF has
quantified the uncertainties and biases in models associated with these identified and highly
ranked phenomena based on experimental data and computation with validated codes. The
process is acceptable and the quantities are reasonable. These together with the computed
sensitivity estimates of ACPRIICPR with respect to variation in the model parameters indicate
smoothness and stability in the solution to TRACG transient computations within the
uncertainties in the models.
GENE has developed standard input for the classes of BWR systems this code will be used to
analyze. This standard input was developed after sensitivity studies to ensure that the
modeling parameters chosen would not bias the analysis results. These standard input sets will
reduce the user introduced error in the code results.
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ACRONYMS AND ABBREVIATIONS

10CFR50

Part 50 from Title 10 of the Code of Federal Regulations

2PTR

Two Recirculation Pump Trip

3D

Three Dimensional

ABWR

Advanced Boiling Water Reactor

AC

Alternating Current

AL

Analytical Limit

ANS

American Nuclear Society

AGO

Anticipated Operational Occurrences

APRM

Average Power Range Monitor

ATWS

Anticipated Transient Without SCRAM

BAF

Bottom of Active Fuel

BOC

Beginning-of-Cycle

BPV

Bypass Valve

BT

Boiling Transition

BWIR

Boiling Water Reactor

BWR/n

GE BWR product line n (n can be 2, 3, 4, 5, or 6)

C

Celcius

CCFL

Counter-Current Flow Limitation

CFR

Code of Federal Regulations

CHAN

TRACG Channel Model

cm

Centi-Meter

COLR

Core Operating Limits Report

Acronyms and Abbreviations
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CPR

Critical Power Ratio

CRD

Control Rod Drive

CSAU

Code Scaling Applicability and Uncertainty

D

Delta

DCPR

Delta (Change In) Critical Power Ratio (Also ACPR)

DMH

Direct Moderator Heating

EBW*R

Experimental Boiling Water Reactor

ECC

Emergency Core Cooling

ECCS

Emergency Core Cooling System

ECP

Engineering Computer Program

ECPR

Experimental Critical Power Ratio

EOC

End-of-Cycle

EPRI

Electric Power Research Institute

F

Fahrenheit

FW

Feed Water

FWCF

Feed Water Controller Failure

GDC

General Design Criteria

GE

General Electric Company

GEn

GE fuel product line n (e.g., GE 13, GE 14, etc.)

GENE

GE Energy, Nuclear

GESAM

Computer Code for SLMCPR Statistical Analysis

GESTAR

GE Standard Application for Reactor Fuel

GESTR

GE Fuel Rod Thermal Mecanical Model

GEXL

GE Critical Quality Correlation

GRS

Gesellschaft ffir Anlagen-und Reaktorsicherheit (Monte Carlo Statistical Method)
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GT

Guide Tube

H

High

HPCS

High Pressure Core Spray

hr

Hour

HT

Heat Transfer

HWSR

High Worth SCRAM Rods

I

Initial

ICF

Increased Core Flow

ICPR

Initial Critical Power Ratio

ID

Identification

INEL

Idaho National Engineering Laboratory

JP

Jet Pump

K

Kelvin
k.

Infinite Lattice Eigenvalue

kg

Kilo-Gram

kPa

Kilo-Pascal

L

Low

L/A

Length-to-Area Ratio (e.g., Inertial Length)

lb

Pound

LFW*H

Loss of Feed Water Heating

LHGR

Linear Heat Generation

LOCA

Loss of Coolant Accident

LOFW

Loss of Feed Water

LP

Lower Plenum

LPCI

Low Pressure Coolant Injection
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LPCS

Low Pressure Core Spray

LPRM

Local Power Range Monitor

LTP

Lower Tie Plate

LTR

Licensing Topical Report

mn

Meter

M

Medium (Also Meter)

MCNP

Monte Carlo N-Particle (Lattice Physics Code)

MCPR

Minimum Critical Power Ratio

MELLL

Maximum Extended Load Limit Line

MG

Motor Generator (Also MIG)

Mib

Million Pounds

MOC

Middle-of-Cycle

MPa

Mega-Pascal

MSIV

Main Steam Isolation Valve

MSIVF

Main Steam Isolation Valve Closure - Flux SCRAM

MT

Metric Ton (1000 kg)

MWd

Mega-Watt Day

MWt

Mega-Watt Thermal

N/A

Not Applicable

ND-OSUTL

Normal Distribution One-Sided Upper Tolerance Limit

NMP-2

Nine Mile Point Unit 2

NR

Narrow Range

NRC

Nuclear Regulatory Commission

NRSBT

Number of Rods Subject to Boiling Transition

ODYN

One-Dimensional Reactor Dynamics / Transient Analysis Code
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OLMCPR

Operating Limit Minimum Critical Power Ratio

OPL

Operating Parameters for Licensing

OSLTL

One-Sided Lower Tolerance Limit

OSUTL

One-Sided Upper Tolerance Limit

Pa

Pascal

PANACEA

Three-Dimensional BWR Core Steady State Simulator Code

PB

Peach Bottom

PDF

Probability Density Function

PIRT

Phenomena Identification and Ranking Table

PRFO

Pressure Regulator Failed Open

psi

Pounds per Square Inch

psia

Pounds per Square Inch - Absolute

psig

Pounds per Square Inch - Gauge

PW*R

Pressurized Water Reactor

R-Factor

Rod-wise Local Peaking Factor Input to GEXL Correlation

RAI

Request for Additional Information

RCIC

Reactor Core Isolation Cooling

RFCF

Recirculation Flow Control Failure

RPT

Recirculation Pump Trip

RPV

Reactor Pressure Vessel

RV

Relief Valve

SAFDL

Specified Acceptable Fuel Design Limits

SAFER

Computer Code for Long-Tenn LOCA Transient T/ll Calculations

SBWR

Simplified Boiling Water Reactor

SCRAM

Reactor Trip
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sec

Second (Also s)

SEO

Side Entry Orifice

SLMCPR

Safety Limit Minimum Critical Power Ratio

SRP

Standard Review Plan

SRSS

Square Root Sum of the Squares

SSAF

SCRAM Speed Adjustment Factor

ST

Standard Ton (2000 lbs)

T/H

Thenrmal Hydraulic

TAF

Top of Active Fuel

TASC

Computer Code for Bundle Transient T/H Calculations

TGBLA

Lattice Physics Code

TIP

Traversing In-core Probe

TRAC

Transient Reactor Analysis Code

TRACG

GE Version of TRAC

TS

Technical Specifications

TSV

Turbine Stop Valves

TT

Turbine Trip

TTNB;

Turbine Trip No Bypass

UFSAR

Updated Final Safety Analysis Report

USAR

Updated Safety Analysis Report

USNRC

United States Nuclear Regulatory Commission

UTP

Upper Tie Plate

W

Watt

WR

Wide Range

WRL

Wide Range Level
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ABSTRACT
This report discusses the application of TRACG, the General Electric (GE) proprietary version of the
Transient Reactor Analysis Code, to analyses of Anticipated Operational Occurrences (AOOs) for
boiling water reactors. Realistic calculations with TRACG can be used together with statistical
quantification of uncertainties to support licensing evaluations for these transient events.

Abstract
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1.0
1.1

INTRODUCTION

Background

TRACG is a General Electric (GE) 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
transients otherwise known as an Anticipated Operational Occurrence (AOO). GE currently performs
licensing calculations for transient events using other NRC-approved computer codes and methods
[15,29].
TRAC was originally developed for pressurized water reactor (PWVR) analysis by Los Alamos
National Laboratory, the first PWR version of TRAC being TRAC-PlA [3]. The development of the
BW*R version of TRAC started in 1979 in close cooperation between GE and Idaho National
Engineering Laboratory. The objective of this cooperation was the development of a version of
TRAC capable of simulating BWvR 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 1980's with the development of TRACB04 at GE [4
through 11I] and TRACG-BD1I/MODl1 at INEL [12]. 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 12 through 14.

1.2

Summary

This document demonstrates the acceptable use of TRACG analysis results for Ilicensing BWRJ2-6
power plants within the applicable licensing bases. GE has provided information to support the use of
TRA4CG as an alternative to previously approved methods of analyzing BWR AO0s and
demonstfrating compliance with licensing limits. AOO events are analyzed to establish the reactor
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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 are not exceeded during an
AOO. This application report demonstrates that TRACG analyses can be used as an alternate AOO
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.
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:

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 [22] and Regulatory Guide 1.157 [23]. 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.
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1.3

Scope of Review

NEDE-32176P Rev. 2 TRACG Model Description and NEDE-32 177 Rev. 2 TRACG Qualification
LTRs are incorporated by reference as part of the review scope.

Introduction1-
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2.0
2.1

LICENSING REQUIREMENTS AND SCOPE OFAPPLICATION

10CFR50 Appendix A

The General Design Criteriafor Nuclear Power Plants are stipulated in Appendix A to Part 50 of
1OCFR. Anticipated Operational Occurrences 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.

2.2

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) [7].
The AOO scenarios (incidents of moderate frequency) that can be analyzed using TRACG are listed
with the corresponding SRP section.

Section

Event

15.1.1

-

15.1.4 Decrease in feedwater temperature, increase in feedwater flow, increase i
steam flow, and inadvertent opening of a steam generator relief or safety
valve.

15.2.1

-

15.2.5

Loss of external load; turbine trip; loss of condenser vacuum; closure of
main steam isolation valve (BWvR); and steam pressure regulator failure
(closed).

15.2.6

Loss of non-emergency AC power to the station auxiliaries.

15.2.7

Loss of normal feedwater flow.

15.3.1

-

15.3.2

Loss of forced reactor coolant flow, including trip of pump motor and
flow controller malfuinctions.

15.4.4

-

15.4.5

Startup of an inactive loop or recirculation loop at an incorrect
temperature, and flow controller malfunction causing an increase in BWR
core flow rate.

15.5.1

-

15.5.2

Inadvertent operation of ECCS and chemical and volume control system
malfunction that increases reactor coolant inventory.

15.6.1
____________pres

Inadvertent opening of a PWIR pressurizer pressure relief valve or a BWR
sure relief valve.

Licensing Requirements and Scope ofApplication2-
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In addition to the events given above, there are others such as the rod withdrawal errors (Section
15.4.1.3) and fuel misloading errors (Section 15.4.7) that are currently analyzed with the steady-state
three-dimensional core simulator PANACEA [27]. Control rod drop accidents (Section 15.4.9) are
currently considered using a generic approach that does not require reassessment every fuel cycle. At
this time, GE does not intend to change how these events are considered for licensing purposes. GE
has used TRACG to perform realistic calculations for control rod drop accidents but this application is
not included in the scope of the current submittal.

2.3

Current Implementations and Practices

The following criteria in the Specified Acceptable Fuel Design Limits (SAFDLs) have been defined
[28] to meet the requirements of GDC 10, 15, 17 and 26:
" Pressure in the reactor coolant and main steam systems should be maintained below 110% of
the design values.
" Fuel cladding integrity shall be maintained by ensuring that the minimum CPR (MCPR)
remains above the MCPR safety limit based on acceptable correlations.
" An incident of moderate frequency should not generate a more serious plant condition without
other faults occurring independently.
" An incident of moderate frequency, in combination with any single active component failure,
or single operator error, shall be considered and is an event for which an estimate of the
number of potential fuel failures shall be provided for radiological dose calculations.
The licensing basis analysis of AQ0s must be performed with an approved model and analysis
assumptions. The ODYN code [15] is cited in the SRP [7] as an acceptable model. TRACG has
model capabilities that exceed those in ODYN and has been qualified against a wider range of data.
The following are examples of acceptable analysis assumptions:
" The reactor is initially at 102% of the rated (licensed) core thermal power (to account for a 2%
power measurement uncertainty), and the primary flow is at the nominal design flow less the
flow measurement uncertainty. (This assumption is not applied for scenarios where it will
yield non-conservative results.)
" Conservative scram characteristics are assumed (i.e., maximum time delay and a 0.8 multiplier
on the predicted reactivity insertion rate).
" The core burnup is selected to yield the most limiting combination of moderator temperature
coefficient, void coefficient, Doppler coefficient, axial power profile, and radial power
distribution.
" Subsequently, the NRC has approved the use of a procedure (Option B) for a statistical
determination of the normalized CPR change, delta CPR divided by initial CPR (ACPR'ICPR)
for pressurization transients, such that there is a 95% probability with a 95% confidence
(95/95) that the event will not cause the critical power ratio to fall below the MCPR Safety
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Limit [30]. Utilities using Option B must demonstrate that their plant's scram speed
probability distribution is consistent with that used in the statistical analysis. This is
accomplished through an approved technical specification, which consists of testing at the 5%
significance level and allows adjustment of the Operating Limit MCPR (OLMCPR) if the
scram speed is outside the assumed distribution. The use of realistic analysis codes, in
conjunction with a statistical basis for accounting for uncertainties in its application, is
consistent with currently approved practice.
2.4

Proposed Application Methodology

The methodology for this application of TRACG to BWRI2-6 AO0s retains the essential statistical
basis approved by the NRC for ODYN and addresses all the elements of the NRC-developed Code
Scaling, Applicability and Uncertainty (CSAU) evaluation methodology [22].
This report demonstrates application of a nominal calculation with TRACG, with the calculation of
appropriate uncertainties and validation by comparison to plant test data. Using the results from the
realistic model and nominal values for plant parameters, the uncertainty is determined by perturbing
major model and plant parameters to calculate the one-sided upper tolerance limit for critical safety
parameters. Confirmation is shown by comparison to full-scale plant data from tests. TRACG has
been qualified against a wider range of data than the approved ODYN methodology.
-2.4.1

Conformance with CSAU Methodology

The proposed application methodology using TRACG for BWR AOO transient analyses addresses all
the elements of the NRC-developed CSAU evaluation methodology [22]. 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 appears to represent the best available practice. While the CSAU
methodology was developed for application to loss-of-coolant accidents (LOCAs), there are no
technical reasons that prevent CSAU methodology from being applied to other event scenarios such as
anticipated operational occurrences (AOOs). A statistical process very similar to the CSAU
methodology was applied by the NRC in the safety evaluation of the current US ODYN based
licensing methodology for AO0s [30].
The CSAU methodology as documented in Reference 22 consists of 14 steps, as outlined in Table 2-1,
which also shows where these steps are addressed for the current TRACG application.
In the currently approved process, the ODYN model uncertainty was quantified by comparison against
the Peach Bottom turbine trip tests, and an estimate based on the propagation of individual model
uncertainties was used for confirmation.
In the CSAU process, the reverse is true. The model uncertainty is derived from the propagation of
individual model uncertainties through code calculations; experimental comparisons are used as a
check on the derived uncertainty. In either case, both techniques of obtaining the total uncertainty are
employed.
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Table 2-1
CODE SCALING, APPLICABILITY AND UNCERTAINTY EVALUATION METHODOLOGY

CSAU Step I

Description

Addressed In

1

Scenario Specification

Section 2.7

2

Nuclear Power Plant Selection

Section 2.8

3

Phenomena Identification and Ranking

Section 3.0

4

Frozen Code Version Selection

Reference [1]

5

Code Documentation

Reference [1]

6

Determination of Code Applicability

7

Establishment of Assessment Matrix

Section 4.0
Reference [2]
Section 4.2

8

Nuclear Power Plant Nodalization Definition

Section 5.2

9

Definition of Code and Experimental Accuracy

Reference [2]

10

Determination of Effect of Scale

Section 5.3

11

Determnination of the Effect of Reactor Input Parameters
and State

Section 6.0

12

Performance of Nuclear Power Plant Sensitivity
Calculations

Section 7.0, 8.0

13

Determination of Combined Bias and Uncertainty

Section 7.0, 8.0

14

Determination of Total Uncertainty

Section 7.0, 8. 0

2.4.2 Advantages of TRACG Compared to the Current Process
TRACG has many advantages over the current processes used for AQO transient analyses. These
advantages include:
*A single code is used in the analysis of short-term and long-term transient response. TRACG
is not only capable of simulating core response, but also of determining the response of
individual (including limiting) channels, including transient critical power response. As many
as seven codes will be replaced by this single code.
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2.5

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:
1. The uncertainties documented in Section 5.0.
2. The statistical process for analyzing AQ0s described in Section 7.0.
" A generic analysis by event, BW;R type, and fuel type to determine specific biases and
uncertainties to be applied to the specific analysis that will be transmitted to the NRC for
information.
" Plant-specific implementation using best-estimate modeling to consider sensitivities due to
initial condition and plant parameters, as 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.

2.6
Review Requirements For Updates
In order to effectively manage the future viability of TRACG for AGO licensing calculations, GE
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.

2.6.1

Updates to TRACG Code

Modifications to the basic models described in Reference I may no be used for AGO 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., PANAC 11) may be used for AGO 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 AGO in
each of the event scenarios 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 AGO licensing
calculations without NRC review and approval.
Features that support effective code input/output may be added without NRC review and approval.
2.6.2

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
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specific model uncertainty may be revised for AQO 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.
2.6.3

Updates to TRACG Statistical Method

Revisions to the TRACG statistical method described in Section 7.0 may not be used for AOO
licensing calculations without NRC review and approval.
2.6.4

Updates to Event Specific Uncertainties

Event specific ACPR/ICPR, peak pressure, and water level biases and uncertainties will be developed
for AOO licensing applications based on generic groupings by BWVR type and fuel type. These biases
and uncertainties do not require NRC review and approval. The generic uncertainties will be
transmitted to the NRC for information.
2.7

AOO Scenario Specification

The transient scenarios are those associated with anticipated operational occurrences (AOOs) in
BWRI2, BWRI3, BWRI4, BWRIS, and BWRI6 type plants. The following AOO transient events
groups are specifically included:
1. Pressurization events, including: turbine trip without bypass, load rejection without bypass,
feedwater controller failure increasing flow, downscale failure of pressure regulator, main
steam line isolation valve closure without position scram. This grouping includes all events in
SRP Section 15.2.1 - 15.2.5 which apply to BWTRs. The feedwater controller failure increasing
flow is in Section 15.1.1 - 15.1.4 but can also be considered a pressurization transient. The
loss of auxiliary power is in SRP Section 15.2.6.
2. Depressurization events, including: upscale failure of pressure regulator, relief valve opening.
The upscale failure of pressure regulator is in SRP Section 15.1.1 - 15.1.4. The inadvertent
relief valve opening is in Section 15.6. 1.
3. Core flow transients, including: pump trips, startup of idle pumps, pump runup or rundown,
flow control valve actuations. This grouping includes all events in SRP Section 15.3.1 - 15.3.5
and 15.4.4 - 15.4.5 which apply to BWVRs.
4. Cold water events, including: loss of feedwater heating and inadvertent high pressure coolant
injection. The loss of feedwater heating (decrease in feedwater temperature) is in SRP Section
15.1.1 - 15.1.4. This grouping includes all events in SRP Section 15.5.1 - 15.5.2 which apply
to BWRs.
5. Level transient events such as partial or complete loss of feedwater. This grouping includes all
events in SRP Section 15.2.7 that apply to BWVRs.
These events are described in plant UFSARs. A detailed description of selected limiting events is
described in Section 8.0.
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2.8

Nuclear Power Plant Selection

The included plant types are BWRI2s, BWRI3s, BWRI4s, BWRJ5s, and BWRI6s. Both jet pump and
non-jet pump designs are included. For the jet pump designs, the recirculation flow control systems
include motor-generator designs, flow control valve designs, and variable speed pump designs.
Advanced BWRs (ABWRs) and other non-US internal pump designs have been analyzed using
TRACG but GE is not requesting review and approval for licensing application to these designs at this
time. The Simplified BWVR (SBWR) has been previously analyzed using TRACG, but GE is not
requesting review and approval for licensing application to the SBWvR at this time.
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3.0

PHENOMENA IDENTIFICATION, RANKING

The critical safety parameters for AOO transients 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 (PIRT's). PIRT's 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
All processes and phenomena that occur during a transient do not equally influence plant behavior.
The most cost efficient, yet sufficient, analysis reduces all candidate phenomena to a manageable set
by identifying and ranking the phenomena with respect to their influence on the critical safety
parameters. The phases of the events and the important components are investigated. The processes
and phenomena associated with each component are examined. Cause and effect are differentiated.
After the processes and phenomena have been identified, they are ranked with respect to their effect
on the critical safety parameters for the event.
The phenomena identification and ranking tables (PIRTs) represent a consensus of GE expert
opinions. PIRTs are developed with only the importance of the phenomena in mind and are
independent of whether or not the model is capable of handling the phenomena and whether or not the
model will show a strong sensitivity to the phenomena. For example, two phenomena may be of high
importance yet tend to cancel each other in many AOO transient events so that there is little sensitivity
to either phenomenon. Both phenomena are of high importance because the balance between these
competing phenomena is important.
Table 3-1 was developed to identify the phenomena that govern BWR/2-6 AOO transient responses.
The transient events have been categorized into five distinct groups: (1) pressurization events;
(2) depressurization events; (3) core flow increase or decrease events; (4) cold water insertion events;
and (5) water level transient events (like loss of feedwater). 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:
" High importance (H-): These phenomena have a significant impact on the primary safety
parameters and should be included in the overall uncertainty evaluation. An example of such a
parameter would be the void coefficient for a pressurization event (ClAX in Table 3-1). 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 primary safety
parameters and may be excluded in the overall uncertainty evaluation. An example of such a
parameter would be the nucleate boiling wall heat transfer for a depressurization event (ClI in
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Table 3-1). The nucleate boiling heat transfer coefficient is so large that it is not the limiting
thermal resistance.
Low importance (L) or not applicable (N/A): These phenomena have no impact on the primary
safety parameters and need not be considered in the overall uncertainty evaluation. An
example of such phenomenon would be lower plenum stratification during a pressurization
event (AIO in Table 3-1). The pressurization event happens so quickly that even if there were
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 and their impact on the critical safety parameters will be quantified for each of the transient
scenarios.
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Table 3-1
PHENOMENA THAT GOVERN BWRI2-6 AQO TRANSIENT
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4.0

APPLICABILITY OF TRACG TO AOOs

The objective of this section is to demonstrate the applicability of TRACG for the analysis of
anticipated transient events in BWVRs. 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
AOO 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:
" Conservation equations, which provide the code capability to address global processes.
" Correlations and models, which provide code capability to model and scale particular
processes.
" Numerics, which provide code capability to perform efficient and reliable calculations.
" 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 3.0. The
capability of the code to simulate these key phenomena is specifically addressed, documented, and
supported by qualification in Reference 2.
Important BWVR phenomena have been identified and TRACG models have been developed to address
these phenomena as indicated in Table 4-1. Not all phenomena are important for AOO transient
analyses.
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BWR PHENOMENA AND TRACG MODEL CAPABILITY MATRIX
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4.2

Model Assessment Matrix

The qualification assessment of TRACG models are summarized in Table 4-2. The models are
identified so that they may be easily correlated to the model description and qualification reports. For
each model, the relevant elements from the Model Description LTR [1] and the Qualification LTR [2]
are identified.
For each of the governing BWR 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 complete list of phenomena is cross-referenced to the model capabilities in Table 4-1. Similarly,
as shown in Table 4-2, the complete list of phenomena is cross-referenced to the qualification
assessment basis. Data from separate effects tests, component tests, integral system tests and plant
tests as well as plant data have been used to qualify the capability of TRACG to model the
phenomena.
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Table 4-2
QUALIFICATION ASSESSMENT MATRIX FOR BWRI2-6 AOO TRANSIENT PHENOMENA
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Table 4-2 (Continued)
PHENOMENA DESCRIPTION
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Table 4-2 (Continued)
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Table 4-2 (Continued)
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Table 4-2 (Continued)
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5.0

MODEL UNCERTAINTIES AND BIASES

Overall model biases and uncertainties for a particular application are assessed for each high and
medium 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. 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 BWR ACO 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.

5.1

Model Parameters and Uncertainties

This section discusses the uncertainties associated with each item from Table 3-1 that has been
identified as having an impact on one or more critical safety parameters. The items are presented by
ID, description, and highest ranking (M for Medium and H for High). The results are summarized in
Table 5-5.
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ClAX Void Coefficient, H
TRACG uses a 3-D neutron kinetics model based on the PANACEA [27] 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
]] moderator density and nodal exposure.
11
The biases and uncertainties in void coefficient as determined from the PANACEA models are
predominantly due to biases and uncertainties in the infinite lattice eigenvalues (k.) calculated by the
TGBLA lattice physics code. Values of k.~ at [[
]] points were calculated for a representative
set of [[
]] lattices at [[
]] different exposures for in-channel voids of [[
1
using both TGBLA and MCNP. The results for each lattice and exposure were fit to a [II1
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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
11
]]points were defined separately for TGBLA and MCNP by evaluating the derivative
total of [

of k. E[[

].Biases and uncertainties
]]comparisons between TGBLA

in TGBLA void coefficients were evaluated by performing
and the corresponding MCNP benchmark values. These
assessments were made using uncontrolled lattices (lattices without a control blade). An independent
]]as a check
]] other lattices all at zero exposure were evaluated [[
set of [[
]] controlled lattices to confirm that the uncontrolled
on the process. The check set included [[
lattices bound the biases and uncertainties for the controlled lattices.

The set of [[

]] points was reduced to [[

]] by eliminating [

3]outliers outside the

] points were used to correlate the biases and
±2.17 sigma range. The remaining [[
uncertainties in the void coefficient as a function [[
]] in order to obtain response surfaces that are modeled in TRACG. The fraction of the total
water volume that is inside the channel box excluding the water rods is given by "g". A typical value
31
]. For values of p, and pg representative of operating pressures, and for conditions
is g =
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
]]. Curves of the percentage biases and standard deviations for void coefficient
[II
are shown in Figure 5-1 for the different exposures that were considered in developing the response
surfaces.
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11

Figure 5-1. Void Coefficient %Bias and %Standard Deviation
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The void coefficient biases and uncertainties are implemented in TRACG calculations

[[

f. Consider a
representative in-channel void fraction of 40% and a core-average exposure of 15 GWdIST. For
a= 0.4, Figure 5-1 indicates that the bias is around [[].The
standard deviation from Figure
5-1 is [[
] 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 [[
TRACG has been modified to internally model 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 [[
]]. Cross sections are generated within TRACG using data
from the lattice physics code that gets passed through via the PANACEA 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 5-1. All the P-values 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

11

1].

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

].For

most fast pressurization events, the
impact of not modeling the void coefficient biases is on the order of [[
]] in calculated values
of transient ACPRIICPR. 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 TRACG input. As an example of the importance of the void coefficient uncertainty, consider that
for a typical BWRI4 plant an [[
]] variation in the void coefficient when applied to all nodes in
the core corresponds to a sensitivity of []]in
the ACPRIICPR for a turbine trip without
bypass.
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Table 5-1
NORMALITY TEST P-VALUES FOR THE VOID COEFFICIENT RESIDUAL ERRORS
Void

-

IJJ

Avg

Min

Stdev

Exp 4

Avg

4.

4

+

4

1-

4

4

4

4

4-

4

4.

-4-

1

1.

4

.5.

4

4-

+

4

[

Stdev

Min1
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Figure 5-2. FRIGG 0F64 Void Fraction Data

Figure 5-3. FRIGG 0F64 Void Fraction Data
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Figure 5-4. FRIGG 0F64 Void Fraction Data - Fully Developed Nucleate Boiling
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Figure 5-5. Test 14, Average Impact of PIRT22

Figure 5-6. Test 03, Average Impact of PIRT22

Model Uncertainties andBiases

si
5-11

NEDO-32906-A, Revision 3
Non-Proprietary Information

Figure 5-7. FRIGG 0F64 Void Fraction Data - Subcooled Boiling
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Figure 5-8. Void Fraction Sensitivity to PIRT23
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Figure 5-9. Sensitivity of Fuel Center to Fluid Temperature Difference for Wi Fuel
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Figure 5-10. Sensitivity of Fuel Center to Fluid Temperature Difference for 9x9 Fuel
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Figure 5-11. Uncertainty in Normalized Total DM11

Figure 5-12. Normalized In-Channel Direct Moderator Heating

I
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Figure 5-13. Normalized Direct Moderator Heating in Bypass and Water Rods
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Figure 5-14. Normality Test for the Total DMH Residual Errors
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Figure 5-15. All CCFL Data - Relative Error
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Table 5-2
BIAS AND UNCERTAINTY FOR 9x9 AND IWxO SEO AND LTI's

Table 5-3
BIAS AND UNCERTAINTY FOR 9x9 AND 10x1O SPACERS
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Table 5-4
BIAS AND UNCERTAINTY FOR 9x9 AND 10x1O UPPER TIE PLATES

Model Uncertainties andBiases

52
5-23

NEDO-32906-A, Revision 3
Non-Proprietary Information

Model Uncertaintiesand Biases

5-24
52

NEDO-32906-A, Revision 3
Non-Proprietary Information

Model Uncertaintiesand Biases

52
5-25

NEDO-32906-A, Revision 3
Non-Proprietary Information

Figure 5-16. TRACG Comparison to 1/6 Scale Jet Pump

Figure 5-17. Statistics for TRACG Comparison to 1/6 Scale Jet Pump
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Figure 5-18. TRACG Comparison to Full-Scale One Nozzle Jet Pump

Figure 5-19. Statistics for TRACG Comparison to Full-Scale One-Nozzle Jet Pump
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Figure 5-20. TRACG Comparison to Full-Scale Five-Nozzle Jet Pump

Figure 5-21. Statistics for TRACG Comparison to Full-Scale Five-Nozzle Jet Pump
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Figure 5-22. Jet Pump Sensitivity to Inlet Loss for One-Nozzle Jet Pump

Figure 5-23. Jet Pump Sensitivity to Inlet Loss for Five-Nozzle Jet Pump
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Figure 5-24. TRACG Comparison to 1/6 Scale Jet Pump for Reverse Drive Flow
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Figure 5-25. Statistics for TRACG Comparison to 1/6 Scale Jet Pump for Reverse Drive Flow

Figure 5-26. Jet Pump Sensitivity to Nozzle Loss for 1/6 Scale Jet Pump
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Figure 5-27. Error in Prediction of Carry Under for 2-Stage Separator
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Table 5-5
HIGH AND MEDIUM RANKED MODEL PARAMETERS
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Table 5-5 (Continued)
HIGH AND MEDIUM RANKED MODEL PARAMETERS

5.2

Effects of Nod alization

5.3

Effects of Scale
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5.4

Sensitivity Analysis

Sensitivity studies have been performed for each class of AOO, varying each highly ranked model
parameter from -lor to +lcr. These results are shown in Section 8.0, under each type of transient.
These studies serve to identify the parameters that have the largest impact on the calculated safety
parameters.
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6.0
6.1

APPLICATION UNCERTAINTIES AND BIASES

Input

Specific inputs for each transient event are specified via internal procedures, which are the primary
means used by GE to control application of engineering computer programs. The specific code input
will be developed in connection with the application LTR and the development of the application
specific procedure. This section will be limited to a more general discussion of 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 2% channel flow area uncertainty that is
considered as part of the Safety Limit MCPR (SLMCPR). 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 SLMCPR value
to be non-conservative by no more than 0.00 15. 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 [2].
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 steadystate nuclear and hydraulic conditions prior to the transient. These inputs 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.
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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.

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. The absolute values of these inputs will vary from plant to plant and from cycle to cycle. For
example, the rated power and flow values for the plant are usually fixed (unless the plant has been relicensed to higher rated values), but the cycle exposure will change with each cycle.
Initial conditions may vary due to the allowable operating range or due to uncertainty in the
measurement at a give 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 are characterized in the following manner:
" The results are sensitive to the initial condition and a basis for the limiting initial condition can
not be established. Future plant analyses (e.g., the reload licensing 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. Future plant analyses (e.g., the reload licensing 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 will be
assumed for the parameter.
Each 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:
"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 must also be quantified for the critical safety
parameters such as ACPR/ICPR, peak vessel pressure and water level. Some of these uncertainties
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may already be considered by other means. The evaluation, which addresses the characterization, is
contained in this section.
Table 6-1
KEY PLANT INITIAL CONDITIONS
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6.3

Plant Parameters

A plant parameteris defined as a plant-specific quantity such as a protection system setpoint, valve
capacity or stroke time, or a scram characteristic, etc. Plantparametersinfluence the characteristics of
the transient response and have essentially no impact on steady-state operation, 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 specification (Tech Spec), since most of the plant
parameter values that are important for AOO transient responses are related to processes that are
controlled by the plant Tech Specs. These parameters may be periodically measured at the plants to
assure compliance with the Tech Specs. Performance and uncertainties for the processes that the Tech
Specs are designed to control are based on manufacturing specifications, performance data, as well as
required surveillance. A Tech Spec 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 Tech Spec values may be used to define the analytic limits used for the licensing analyses. The
original licensing basis specified bounding Tech Spec values for most of the plant parameters (see
Table 1-1 in Volume 3 of Reference 15). 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 for Option B, 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 analyses as part of the statistical
methodology.
GE procedures define the critical Operating Parameters for Licensing (OPL) for transient analysis.
GE and the utilities utilize this procedure. It serves as a guide for generating plant parameter data to be
used for licensing. This procedure addresses Tech Spec items as well as other items that are important
to the severity of transients.
The reactor scram is the most effective plant system for mitigating the severity of a transient. The
plant Tech Specs provide surveillance requirements to ensure control rod operability and scram times.
For most BWRI3 - BWRI5 plants, an additional surveillance is performed to demonstrate that the
scram speed is within statistical basis of the faster Option B scram.
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Table 6-2
ANALYTICAL SCRAM SPEEDS
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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 uncertainties due to model uncertainties (CSAU Step 9), scaling uncertainties (CSAU
step 10), and plant condition or state uncertainties (CSAU Step 11). Various methods have been used
to combine the effects of uncertainties in safety analysis. This section briefly summarizes different
methods for combining uncertainties. All these approaches are within the framework of the CSAU
methodology, since the CSAU methodology does not prescribe the approach to use. The method for
combining uncertainties that is used for application to TRACG analyses is the same approach that has
been successfully used in analyses of AQO transient scenarios and accident scenarios for the SBW*R
[16] and for ABW;Rs [17].

7.1

Traditional Bounding Analysis

A commonly used approach in traditional conservative analysis is to combine the uncertainties
linearly, by taking bounding models for the phenomena and by setting plant parameters to limits
expected to produce the most limiting plant response. Separate calculations may be required to obtain
bounding results for different response parameters, because it may not be possible to define a single
' worst case' that will result in all key response or output parameters being calculated at their upper
bounds. In any case, an advantage of this approach is that it requires no more than one computer run
for each output parameter of interest. The most significant disadvantages with this method are that it is
very conservative, in extreme cases can give unrealistic results; and no statistical quantification of the
margins to design limits is possible. This bounding approach has historically been used for analyses of
LOCA following I1OCFR50 Appendix K [18] and NRC Regulatory Guides prior to 1.157.

Statistical Treatment of Overall Calculational Uncertainty
7.2
A more realistic and rigorous approach has been introduced to the licensing process. In this approach
the most realistic plant calculations are performed for the evaluation of the primary safety criteria
using realistic models and nominal input for the plant parameters. An uncertainty is then added to the
calculated primary safety parameters to account for modeling uncertainty, uncertainty in plant
operation and state, and other factors such as effect of scale on the calculations. A statistical approach
is used to determine the added uncertainty on top of the nominal calculation. Such an approach was
adopted for the analysis of pressurization transients [30]. Nominal results were evaluated with the
one-dimensional ODYN code, to which an adder was applied to account for uncertainty in modeling
the plant transient response, and uncertainties in the plant initial power and scram speed, while
bounding inputs and assumptions were used for other parameters. Similarly, a hybrid methodology
was introduced for LOCA calculations with SAFER [20, 21]. In these calculations, nominal inputs
together with realistic models plus a statistically based evaluation of the uncertainty adder were used
for some parameters, while conservative inputs were used for other parameters. The NRC-developed
CSAU methodology [22] and NRC Regulatory Guide 1.157 [23] complete the transition to realistic
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methods. Realistic models and input are used for all processes and inputs, and the design calculation
accounts for uncertainties in all major models and plant parameters.
NRC Regulatory Guide 1.157, for use of best-estimate models for LOCA analysis, defines acceptable
model features and application procedures. The Guide states that a one-sided upper tolerance limit
(OSUTL) can be calculated at the 95% probability level for the primary safety parameters. In addition,
the statistical methodology should be provided and justified. The Regulatory Guide finds the CSAU
methodology acceptable for this purpose.

7.3

Comparison of Approaches for Combining Uncertainties

Several options exist to perform the statistical combination of the uncertainties. Neither the CSAU
methodology report [22] nor NRC Regulatory Guide 1.157 [23] specifies how this should be done.
Some possible options are summarized in Table 7-1.
These options are discussed and compared in the following paragraphs. Justification for use of the
Monte Carlo method will be developed.

Table 7-1
METHODS FOR COMBINED UNCERTAINTY
Description

Method
Propagation of Errors

Response Surface
Technique

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

perturbations.
Statistical upper bound is determined from the Monte Carlo method using a
response surface.

Order Statistics Method - Single
Bounding Value
(GRS Method)

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

Normal Distribution One Side
Upper Tolerance Limit

Monte Carlo method using random perturbations of all important
parameters. Normality of output distribution established by statistical
checks.
Statistical upper bound is determined from sample variance from all
perturbations.
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7.3.1

Propagation of Errors

In the propagation of errors method, the uncertainties are combined by taking the square root of the
sum of the squares (SRSS) of the individual uncertainties. In this approach, the effects of individual
phenomena on key response parameters are determined, and then combined using SRSS. For this
approach, a relatively small number of computer runs is required. The number of runs required is
directly related to the number of input parameters for which uncertainty ranges have been established.
This approach is justifiable if the effects on the calculated responses of the phenomena, whose
uncertainties are being accounted for, are independent of each other. For complex processes requiring
complex code calculations, independence rarely exists and is difficult to impossible to demonstrate. A
secondary requirement for this approach is that all input and output parameters can be modeled by a
normal distribution.
7.3.2

Response Surface Technique

In this method, individual model and plant parameters are perturbed and the sensitivity of the primary
safety parameter to these perturbations is determined. The process begins by examining each model
and plant parameter uncertainty. Using test data and expert knowledge, each parameter is assigned a
probability density function (i.e., normal, log normal, exponential, uniform, etc.). The probability
density function (PDF) describes the method by which the uncertainty would vary from the expected
value. The range for each PDF is determined from the standard deviation, if known, or by the
maximum and minimum value of the parameter. As an example, the parameter governing void faction
uncertainty is distributed normally with a nominal (mean) value of 1.00 and a standard deviation of
0.02. According to conventional response surface techniques, a large number of transient simulations
per each event scenario would be needed due to the large number of parameters to be varied. At least
two cases would be required (in addition to the nominal calculations) for each important plant and
model parameter to quantify the responses to ±2a perturbations. Additional cases would be needed to
quantify curvature if the output responses did not vary linearly with the input perturbations.
Furthermore, many cases would have to be made, where several parameters are perturbed
simultaneously to account for covariances. A response surface would be fit to all these cases, and
Monte Carlo analysis would be performed with the response surface to determine the 95% fractile.
This method is advantageous when few parameters are involved, but is impractical when a large
number of parameters are involved due to the prohibitively large number of perturbations needed to
account for non-linearities and covariances.
The PIRTs in Section 3.0 identify over 30 highly ranked phenomena. Assuming one input parameter
per phenomena and not even considering other uncertainties associated with initial conditions and
plant parameters, a large number of calculations are required. To run the base case, the ±2ca
perturbations, cases to quantify the curvature, and cases to evaluate covariances would require over
200 transient simulations even using efficient Box techniques. However, an important advantage is
that single parameter perturbations provide useful insight by identifying the most sensitive parameters.
7.3.3

Order Statistics Method - Single Bounding Value (GRS)

The Monte Carlo method that has been used in Germany by Gesellschaft fdr Anlagen-und
Reaktorsicherheit (GRS) [24] requires only a modest number of calculations, and automatically
includes the effects of interactions between perturbations to different parameters. In this GRS method,
Monte Carlo trials are used to vary all uncertain model and plant parameters randomly and
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simultaneously, each according to its uncertainty and assumed probability density function (PDF), and
then a method based on the order statistics of the output values is used to derive upper tolerance
bounds (one-sided, upper tolerance limits OSUTLs).
Monte Carlo sampling of each parameter according to its assigned PDF yields the value of that
parameter to be used for a particular trial. Given such a trial set of input parameters, the calculation
process determines the corresponding output parameter of interest. Therefore, while void coefficient
might be set at a -1 .5ay value, inter-facial shear might be set to a value of +2.Oar, 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 n times to define the sample values
of the output parameter of interest for the particular transient under consideration. Similar samples for
other parameters, for the same transient, can be generated at the same time without additional TRACG
calculations.
An OSUTL is a function U = U(x,,..., xj) 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, P3< 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 100p3% --- this is called an OSUTL with 100a%-content and (at least) 100p3%
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 13, the OSUTL can be defined as the largest of the data values,
provided the sample size n Ž!log(l -,8))Ilog a [25]. For 95%-content and 95% confidence level, the
minimum sufficient sample size is n7-59.
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Figure 7-1. Schematic Process for Combining Uncertainties
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 apparently 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 t distribution with 4
degrees of freedom, the variability of the third largest in a sample of size 123 is about one third of the
variability of the maximum in a sample of size 59.
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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:
Sample Size
59
93
124

Order Statistic
Largest
2 nd Largest
3 rd Largest
7.3.4

Normal Distribution One-Sided Upper Tolerance Limit

If the data 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,

Y

(7-2)8

where 7T denotes the average of the outcomes of the TRACG trials, and s denotes their standard
deviation, and the factor za,,, is chosen to guarantee 1O0a%-content and 100p% confidence level.
Since this factor za,,, 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: for example, Ryan-Joiner's, Shapiro-Wilk's, or Anderson-Darling's. The values
of za,,, are tabulated in many statistical textbooks [25] asfactorsfor one-sided normal tolerance limits.
For example, for a sample of size n = 59, and a 95% content and a 95% confidence level,
Z95,9 5 = 2.024: as the sample size n increases, this factor approaches 1.645, the 95 thpercentile 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 normality. If the data are unlikely to have
originated from a normal population, then one should use the order statistics method.
An example in Section 8.4.2.1 shows that the calculated values of Channel 29 ACPRIICPR for the
TTNB event may be regarded as a sample from a normal population, to which this ND-OSUTL
method can be applied. Although the illustrations are presented only for ACPRIICPR, the same
approach can in principle be used to determine the total uncertainty in other calculated results such as
centerline temperature, clad strain, vessel pressure, and downcomer water level, again provided the
requirement of normality is met.

7.4

Recommended Approach for Combining Uncertainties

This approach to determine the total uncertainty has several advantages over other approaches as
summarized in Table 7-2. The following expands on the discussion of these advantages:
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The OSUTL for each output parameter of interest (summarized in Table 7-2) 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.
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Table 7-2
COMPARISONS OF METHODS FOR COMBINING UNCERTAINTIES
Method for
Combining
Uncertainties

Advantages

Disadvantages

Propagation of
Errors

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

Approximate because it
involves linearization.
Necessary either to demonstrate
of effects of
individual uncertainties on
responses, or else must include
covariances explicitly.

Response Surface

Very precise statistical characterization of results with a
large number of Monte Carlo Trials using response surface.
bespeifid fo eah iput
ditribtios
Diffrencn
b pcfe frecnu
Differetadisty iuin.a
uncertintyof

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

Independence of the effect of individual input parameters
on response is not necessary.

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

The number of random trials is independent of the number
of input parameters considered.
te PD ofthe
reuirs
n assrritionabot
The ethd
otheumthodaraeequresn. supinaottePFoh
outpt
prameer.these
It is not necessary to perform separate calculations to
determine the sensitivity of the response to individual input
parameters.
It is not necessary to make assumptions about the effect on

Since the tolerance limits are
based on order statistics, they
will vary from one set of
TRACG trials to another, and
differences may be
substantial, especially for small
sets of TRACG trials, and
particularly if the tolerance
budi h apeetenm

Order Statistics
(GRS)

the output of interactions of input parameters.______________

The number of random trials is independent of the number
Normal
Distribution Oneof input parameters considered.
sided Upperdeosrt.
Only a relatively small numnber of random trials is needed
Tolerance Limiit
for a precise statistical characterization of the results.
(ND-OSUTL)
It is not necessary to perform separate calculations to
determine the sensitivity of the response to individual input
parameters.

The normality of the PDF for
the output variable must be
deosrt.

It is not necessary to make assumptions about the effect on
the output of interactions of input parameters.

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, because they are based on order statistics, will
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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 NDOSUTL method, on the other hand, provides an OSUTh 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.

7.5

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.

7.5.1

Conformance with Design Limits

" 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 at least 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.
E

1

1]
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1
1I

For the key outputs considered:

1]

7.5.2

7.5.2.1

Determinationof OLMCPR

OLMCPR Method Background

To conservatively account for statistical uncertainty in thermal-hydraulic test data and measurements
of the core operating state, a minimum allowable (lower limit) MCPR is evaluated. The Safety Limit
Minimum Critical Power Ratio (SLMCPR 9 9 .9 ) is determined so that less than 0. 1% of the rods in the
core will be expected to experience boiling transition at this value. In other words, 99.9% of the fuel
rods in the core will be expected to avoid boiling transition if the limiting MCPR in the core is greater
than the SLMCPR 99 .9 .
To assure that the safety limit is not exceeded as a result of transient events, the concept of an
Operating Limit MCPR (OLMCPR) is introduced. The OLMCPR is established to satisfy the thermalhydraulic design criterion that fuel assemblies be operated under planned, steady-state conditions such
that the envelope of initial conditions used in the safety analysis is not exceeded. The OLMCPR is
currently established by adding the maximum change in MCPR (ACPR) expected from the most
limiting transient event (including uncertainties) to the SLMCPR 99 .9 . Conformance to the
SLMCPR 9 9 .9 can be demonstrated by assuring that normal operating MCPR values are greater than
the OLMCPR.
In principle, the OLMCPR could be calculated directly such that, for the limiting AGO, less than
0. 1% of the rods in the core would be expected to experience boiling transition. The process involved
is shown in Figure 7-2, which depicts a histogram of rod CPR values (A). While the CPR value is
usually associated with a fuel bundle, it actually refers to the limiting rod in the bundle. Each rod in
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the bundle has a CPR value that is determined by the local power distribution and relative position of
the rod within the bundle (R-Factor). The lowest CPR rod is used to characterize the bundle CPR.
The CPR for a given rod has an associated probability distribution function (PDF), which reflects the
uncertainties in its determination. The PDF for the limiting rods is shown in Figure 7-2 (B). The
variability in the rod CPR is due to uncertainties in the initial conditions [i.e., uncertainties in the
measurements of parameters at the reactor operating state (core power) and in the modeling of derived
parameters (power distribution)].
During a transient, the histogram of rod CPRs shifts to the left (to lower CPR values). This histogram
is shown as A' in the figure for the 'nominal' transient at the point where the minimum value is
reached during the transient. The limiting rod will have an associated PDF B', which includes both the
uncertainties in the initial conditions (B) and 'transient uncertainties'. The latter includes uncertainties
in the modeling of the transient, both the physical models (included in the PIRT) and plant parameters
(scram speed variability). Ideally, this transient distribution would be generated as follows:
Run a large number of TRACG transient calculations (in the order of 100 calculations is
sufficient to give high confidence in the result). In each calculation, randomly vary the initial
conditions, model parameters and plant parameters using the PDF for each parameter. Obtain a
histogram of rod CPR values at the time of minimum CPR. Compile the statistics for the
cases.
For each transient histogram of rod CPRs, the Number of Rods Subject to Boiling Transition
(NRSBT) can be calculated from the intersection of the histogram with the Experimental Critical
Power Ratio (ECPR) distribution shown on the left side of Figure 7-2.
The ECPR is given by:
ECPR = (CriticalPower Predicted by GEXL Correlation)
(Measured CriticalPower)

(7-8)

The ECPR values are normally distributed about a mean value, ECPRo (note that ECPRo= 1). The
probability density function for the ECPR values is given by the normal distribution. The probability
that some rod "i" operating at MCPRi is in Boiling Transition (BT) is given by:
12

1
P1 = P(zi)
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Figure 7-2. NRSBT Determination with Ideal Process

The expected Number of Rods Subject to Boiling Transition (NRSBT or NRSBT) can be found by
summing the probability that a rod is subject to boiling transition for all the rods in the core.
NRSBT
NRST ()

100 x
=N

rod

[P x (IlRod)]
~
i

(7-10)

For a given core operating state, the expected NRSBT is the sum of the product of a probability and
one (1) rod, for each rod in the core. The calculation of NRSBT would be performed for each of the
transient trials, enabling the determination of the mean value of NRBST.
The OLMCPR is determined from the limiting MCPR value in the core when the NRSBT equals
0.1%.
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7.5.2.2

Currently Approved SLMCPR Process

In the current process, the OLMCPR determination is divided into two distinct steps. As stated in the
previous section, first the Safety Limit Minimum Critical Power Ratio (SLMCPR 9 9 .9 ) is detenrmined
so that less than 0. 1% of the rods in the core will be expected to experience boiling transition at this
value. In other words, 99.9% of the fuel rods in the core will be expected to avoid boiling transition if
the limiting MCPR in the core is greater than the SLMCPR 9 9 .9 The OLMCPR is then established by
adding the maximum change in MCPR (ACPR 95 /9 5) expected from the most limiting transient event to
the SLMCPR 9 9 .9 . This process is illustrated in Figures 7-3 and 7-4.
As in the previous section, the value of NRSBT is determined from the intersection of the rod CPR
histogram with the ECPR PDF. A number of trials are made with variation in the initial conditions to
generate a number of rod CPR histograms. The variation in CPR for the limiting rod is characterized
by the PDF B. From these trials, a mean value of NRSBT is established. The SLMCPR is determined
from the limiting MCPR value in the core when the NRSBT equals 0.1%. Note that these MCPR
values will be in the range corresponding to the minimum CPR during a transient, rather than in the
operating range. This process is performed by the GESAM Engineering Computer Program (ECP).
The GESAM Monte Carlo process is shown Figure 7-5.
Specifically, the Safety Limit MCPR accounts for uncertainties in the following parameters:
" Feedwater flow
" Steam dome pressure
" Feedwater temperature
" Core flow
" Core Inlet Temperature
" Channel flow area
" Two-phase friction factor multiplier
" Channel friction factor multiplier
" TIP readings
" R-factor
" GEXL correlation prediction error
The first three factors are used in the calculation of the total core power. The TIP readings determine
the local power distribution uncertainties. A change in a core-wide variable such as the core thermal
power, inlet temperature or total core flow will effectively bias the operating MCPRs of the entire
population of bundles in the core.
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Figure 7-3. GETAB SLMCPR NRSBT Determination
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Figure 7-4. OLMCPR Method with 95/95 ACPR
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Figure 7-5. GESAM Calculation Procedure for Analytical Determination of SLMCPR.

Combination of Uncertainties

7-15
7i

NEDO-32906-A, Revision 3
Non-Proprietary Information
The plant process computer also uses the TIP and LPRM readings to predict individual bundle CPRs.
The process computer has uncertainties in its use of these instrument readings along with uncertainty
in the simulator's ability to predict bundle power, which also serves to bias the operating MCPRs of
individual bundles. The power distribution in the limiting bundles is very important in determining the
SLMCPR because these bundles are the biggest contributors to NRSBT.
The second part of the process is illustrated in Figure 7-4. Starting with an initial condition in the
operating MCPR range, calculations are made for the limiting transient. Typically, the MCPR during
the transient is calculated only for the limiting bundle in the core. This is the bundle with the lowest
CPR rod at the initial conditions. It is assumed that the change in CPR (ACPR1ICPR) is the same or
less for other rods/bundles, such that they will not become limiting during the transient. The transient
uncertainty in ACPRIICPR is obtained by Monte Carlo trials combining model uncertainty with
uncertainties in plant parameters such as core power and scram speed. Because of the approximations
in the process, the transient ACPR/ICPR is evaluated at a 95% probability/95% confidence level. The
OLMCPR is obtained by linearly adding the transient ACPR 95 /95 to the Safety Limit CPR.
This approach has been previously reviewed and approved by the NRC [32].
7.5.2.3

Proposed Approach

" It would be too cumbersome to perform on the order of 100 TRACG transient calculations for
each AGO.
" TRACG does not have the capability to simulate the effects of the TIP/LPRM uncertainties on
the local power distribution or to calculate rod by rod R-factors and CPRs.
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Figure 7-6. Generic ACPRIICPR Uncertainty Development

Figure 7-7. NRSBT Determination with Proposed Process

Combination of Uncertainties

71
7-17

NEDO-32906-A, Revision 3
Non-Proprietary Information

7.5.2.4 Validation of Assumptions Used in Proposed Approach
Calculations were made to demonstrate that the value of the transient ACPRIICPR calculated by
TRACG is insensitive to variations in the initial conditions.

I
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Figure 7-8. GESAM Calculation Procedure for Analytical Determination of OLMCPR.
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Table 7-3
IMPACT OF CRITICAL ICPR UNCERTAINTIES ON ACPRIICPR

The other assumption to be validated is that a constant value of ACPR/ICPR can be applied to rods at
different initial values of CPR. The transient MCPR distribution will be obtained by transforming the
ICPR distribution using Equation 7-11.
To further validate this assumption, a specific set of calculations was performed. Benchmark
calculations were made with TRACG for a turbine trip without bypass event that included the
uncertainties in core power and channel pressure drop as initial conditions, as well as the model
uncertainties. These uncertainties (core power and channel pressure drop) were chosen because they
are the only SLMCPR compatible uncertainties that are also varied in the TRACG statistical analysis.
MCPR distributions during the transient were generated for two fuel bundles in the core (Channels 27
and 29) through 98 transient calculations (Figure 7-6). The two channels are very close in the ICPR
values and have identical ACPR/ICPR values. These TRACG calculations serve as the reference.
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7.5.2.5 Example of Application Process
Figure 7-10 is an example of the application of this process for the limiting rod starting from a set of
98 GESAM ICPR trials with all uncertainties applied. Of the 118 TRACG trials for the TTNB event
(Section 8.4.2.1), 98 are used to generate a ACPRIICPR distribution. The 98 TRACG random
ACPRIICPR trials (Hot Channel 29) are applied to the ICPR distribution of the limiting bundle to get
the transient MCPR distribution. The intersection of the transient MCPR with the GEXL CPR
uncertainty is the basis for determining the NRSBT.
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Figure 7-9. Comparison of GESAM/TRACG Transient MCPR to TRACG MCPR
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Figure 7-10. Transformation of GESAM ICPR Distribution to Transient MCPR
7.5.2.6

Scram Speed Dependent OLMCPR
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7.5.2.7

High Worth Scram Rods for Pressurization Event OLMCPR
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7.6

I

Statistical Analysis for Qualification Events

Although, the models can be evaluated and the code uncertainty can be determined purely based on an
evaluation of the impact of the uncertainties, the TRACG performance is also demonstrated on
available gualification plant events. This demonstration includes a statistical analysis that has a
purpose of showing whether the plant data is within the uncertainty of the code.
7.6.1

Peach Bottom Turbine Trip Test Statistical Analysis

Statistical analyses were performed for the three Peach Bottom turbine trip tests described in Section
7.1 of the Qualification LTR [2]. The analysis includes random variation (59 trials) of the model
uncertainties described in Section 5.0 which have High or Medium PIRT ranking for pressurization
events. The analysis also considers the uncertainty in core power. The key outputs from these cases
are core neutron flux and dome pressure. These are chosen since they are the critical parameters that
effect ACPRJICPR and peak pressure. Figures 7-11 through 7-16 present the TRACG results as
compared to the test data. Bands are set to ±2 sigma. The bands are determined by calculating the
standard deviation for the output variable at each time step in the 59 trials.

[II

Figure 7-11. PB TT Test 1 Statistical Peak Power Response
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Figure 7-12. PB TT Test 1 Statistical Dome Pressure Response

11
Figure 7-13. PB TT Test 2 Statistical Peak Power Response
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Figure 7-14. PB TT Test 2 Statistical Dome Pressure Response

ill
Figure 7-15. PB TT Test 3 Statistical Peak Power Response
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11

Figure 7-16. PB TT Test 3 Statistical Dome Pressure Response

11
Nine Mile Point-2 Pump Upshift Statistical Analysis
Statistical analyses were performed for the Nine Mile Point-2 pump upshift described in Section 7.8 of the
I Qualification LTR [2]. The analysis includes random variation (59 trials) of the model uncertainties
described in Section 5.1 which have High or Medium PIRT ranking for flow events. The analysis also
considers the uncertainty in core power. The key outputs from this case are core neutron flux and core
flow. These are chosen since they are the critical parameters that affect ACPR/ICPR. Figures 7-17 and
7-18 present the TRACG results as compared to the test data. Bands are set to ±2 sigma. The bands are
determined by calculating the standard deviation for the output variable at each time step in the 59 trials.
7.6.2
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1]

Figure 7-17. NMP-2 Pump Upshift Statistical Peak Power Response

[II

II]
Figure 7-18. NMP-2 Pump Upshift Statistical Core Flow Response
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7.6.3

Leibstadt Loss of Feedwater Statistical Analysis

Statistical Analyses were performed for the Leibstadt loss of feedwater flow startup test described in
I Section 7.9 of the Qualification LTR [2]. The analysis includes random variation (59 trials) of the
model uncertainties described in Section 5.1 which have High or Medium PIRT ranking for
pressurization events. The key output from this case is wide range level. Figure 7-19 presents the
TRACG results as compared to the test data. Bands are set to ±2 sigma. The bands are determined by
calculating the standard deviation for the output variable at each time step in the 59 random trials.

Figure 7-19. Leibstadt Loss of Feedwater Statistical Wide Range Level Response

Note: The loss of feedwater event is not sensitive to small changes to the void
coefficient. As shown in Table 3-1, the void coefficient is not a critical
parameter for the Level safety parameter. The loss of feedwater is a long-term
vessel inventory event where SCRAM occurs very early and void feedback
effects are negligible. The minimum level is primarily affected by the decay
heat as shown in Section 8.4.1.6. Therefore, the Revision 1 calculated data is
represented above rather than recalculated.
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8.0

DEMONSTRATION ANALYSIS

The analyses provided in this Section form the bases for future application of TRACG. The analyses
provided are a demonstration of the process.
The
Plant operating limits can not be derived directly from the demonstration analyses.
implementation of TRACG will require repetition of the statistical analysis for a grouping of similar
plants with similar events and similar fuels (for example TTNB for BWvR4/5 plants with RPT and
GE 13 fuel). The results of the statistical analysis will be applicable to the grouping. A specific
application 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 2.5. 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 a representative plant (the analysis will be performed with an analysis
procedure equivalent to that applied in plant USAR 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, and
4. a statistical analysis in accordance with the process defined in Section 7.5.
The overall statistical application of TRACG was validated in Section 7.6, 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. A typical BWRJ4 type plant is
used for all the baseline cases. The plant has 560 bundles and a rated thermal power of 2558 MWth.
The vessel modeling is illustrated in Figure 8-1. The plant is loaded with fresh and exposed GE13
9x9 fuel and contains exposed GE9B Wx fuel. Figure 8-2 illustrates the TRACG core map and
channel grouping.
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Figure 8-1. TRACG BWRI4 Vessel Modeling
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Figure 8-2. TRACG Core Map and Channel Grouping
Channel groups were created based on core position, fuel type, orifice geometry, and peaking factor.
Out of the 11I groups, a four bundle hot group (single bundle in quarter core) and a multi-bundle, hot
group were created for CPR analysis. Channel group 29 is the single hot channel, whereas channel 27
is the multi-channel, hot group. For cases where a significant distribution in the radial power
distribution existed, the channels were re-grouped to accurately represent the average and hot bundles.
The following events are analyzed with this model:
1. Pressurization event: turbine trip without bypass (TTNB), feedwater controller failure
(FWCF), and main steam line isolation valve closure with the backup (flux) scram (MSIVF);
2. Depressurization events: upscale failure of pressure regulator (PRFO);

DemonstfrationAnalysis8-

8-3

NEDO-32906-A, Revision 3
Non-Proprietary Information
3. Core flow transient: two recirculation pump trip (2PTR) and recirculation flow controller
failure (RFCF);
4. Cold water transient: loss of feedwater heating (LFWL{).
5. Level transient: complete loss of feedwater flow (LOFW);
8.1.1
8.1.1.1

Baseline Analysis of Pressurization Transients
Turbine Trip No Bypass (TrTNB) Baseline Analysis

The TTNB event is characterized by the fast closure of the turbine stop valves (TSV). 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 the pressure relief
function provided by the turbine bypass valves. The turbine stop valve position switches initiate a
reactor scram and recirculation pump trip (RPT). Power is mitigated with the help of negative
reactivity due to the scram and due to void production as the RPT reduces core flow and as the heat
flux rises. The safety/relief valves actuate as the steamline pressure rises to the setpoint. This action
limtits the pressure rise. The event is modeled at 100% power and 100% flow with an EOC nominal
power shape. The key parameters are presented in Figures 8-3 through 8-6 and Table 8-1 for the
TTNB event.

Figure 8-3. TRACG Power and Flow Response for TTNB Event
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Figure 8-4. TRACG CPR Response for TTNB Event

Figure 8-5. TRACG Pressure and Relief Valve Response for TTNB Event
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II]
Figure 8-6. TRACG Vessel Inlet and Exit Flow for TTNB Event
Table 8-1
TTNB KEY TRANSIENT PARAMETERS
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8.1.1.2

Feedwater Controller Failure (FWCF) Baseline Analysis

The FWCF event is characterized by the feedwater flow controller failing to the maximum demand
value. This causes an increase in the feedwater flow. The water level rises until the high level trip
setpoint (L8) is reached. When L8 is reached, a high level turbine trip is initiated, the feedwater
pumps are tripped off, recirculation pumps are tripped off, and a reactor scram is initiated. The
turbine trip causes a rapid pressurization event that results in a power excursion similar, but less
severe than the TTNB. Power is mitigated with the help of negative reactivity due to the scram and
due to void production as the RPT reduces core flow and as the heat flux rises. The safety/relief
valves actuate as the steamline pressure rises to the setpoint. This action limits the pressure rise. The
event is modeled at 100% power and 100% flow with an EOC nominal power shape. The key
parameters are presented in Figures 8-7 through 8- 10 and Table 8-2 for the FWCF event.

Figure 8-7. TRACG Power and Flow Response for FWCF Event
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Figure 8-8. TRACG CPR Response for FWCF Event

Figure 8-9. TRACG Pressure and Relief Valve Response for FWCF Event
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Figure 8-10. TRACG Vessel Inlet and Exit Flow for FWCF Event
Table 8-2
FWCF KEY TRANSIENT PARAMETERS
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8.1.1.3

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 actuate as the steamline pressure rises to the setpoint. 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 8-11 through 8-13 and Table 8-3for the
MSIVF event.

Figure 8-11. TRACG Power and Flow Response for MSIVF Event
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Figure 8-12. TRACG Pressure and Relief Valve Response for MSIVF Event

Figure 8-13. TRACG Vessel Inlet and Exit Flow for MSIVF Event
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Table 8-3
MSIVF IKEY TRANSIENT PARAMETERS
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8.1.2
8.1.2.1

Baseline Analysis of Depressurization Transients
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, increasing steam flow, and dropping
turbine inlet pressure. The depressurization causes the RPV water level to swell causing a Level 8
turbine trip. Reactor scram is automatically initiated by turbine trip. The event is modeled at 100%
power and 100% flow with an EOC nominal core power shape. The key parameters are presented in
Figures 8-14 through 8-17 and Table 8-4 for the PRFO event.

Figure 8-14. TRACG Power and Flow Response for PRFO Event
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Figure 8-15. TRACG CPR Response PRFO Event

Figure 8-16. TRACG Pressure and Bypass Valve Response for PRFO Event
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Figure 8-17. TRACG Vessel Inlet and Exit Flow for PRFO Event
Table 8-4
PRFO KEY TRANSIENT PARAMETERS
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8.1.3
8.1.3.1

Baseline Analysis of Core Flow Transients
Two Recirculation Pump Trip (2PTR) Baseline Analysis

The 2PTR event is initiated by the inadvertent simultaneous opening of the recirculation pump motor
line breakers. An abrupt reduction in core flow increases the core void fraction and thereby increases
water level and reduces reactor power. An automatic reactor scram is not initiated for this event. The
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 8-5 for the 2PTR event.

Figure 8-18. TRACG Power and Flow Response for 2PTR Event
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Figure 8-19. TRACG CPR Response 2PTR Event

Figure 8-20. TRACG Pressure Response for 2PTR Event
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Figure 8-21. TRACG Vessel Inlet and Exit Flow for 2PTR Event
Table 8-5
2PTR KEY TRANSIENT PARAMETERS
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8.1.3.2

Recirculation Flow Controller Failure (RFCF) Baseline Analysis

The RFCF event is characterized by an upscale failure of the recirculation motor/generator speed
controller in one loop. The B loop fluid coupler velocity is assumed to increase at a rate of 25%/sec.
The pump speed increases to maximum in about 3 seconds. The APRM high neutron flux trip is
assumed to be disabled so that an automatic scram is not initiated for this event (will discuss further in
Section 8.2). The event is modeled at 50% power and 40% flow at MOC. The key parameters are
presented in Figures 8-22 through 8-25 and Table 8-6 for the RFCF event.

Figure 8-22. TRACG Power and Flow Response for RFCF Event
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Figure 8-23. TRACG CPR Response for RFCF Event

Figure 8-24. TRACG Recirculation Response for RFCF Event
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Figure 8-25. TRACG Vessel Inlet and Exit Flow for RFCF Event
Table 8-6
RFCF KEY TRANSIENT PARAMETERS
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8.1.4

Baseline Analysis of Cold Water Transients

8.1.4.1 Loss of Feedwater Heating (LFWH) Baseline Analysis
The LFWVH 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 does not occur for this event. The event assumes a 30 second
feedwater heater time constant. The event is modeled at 100% power and 100% flow at representative
MOC conditions. The key parameters are presented in Figures 8-26 through 8-29 and Table 8-7 for
the LFW;H event.

Figure 8-26. TRACG Power and Flow Response for LFWH Event
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Figure 8-27. TRACG CPR Response LFWH Event

Figure 8-28. TRACG Pressure and Feed Temperature Response for LFWH Event
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Figure 8-29. TRACG Vessel Inlet and Exit Flow for LFWII Event
Table 8-7
LFWII KEY TRANSIENT PARAMETERS
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8.1.5
8.1.5.1

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

The Loss of Feedwater Flow (LOFW) event is characterized by a rapid water level reduction after all
FW flow is tripped. Low water level scram occurs early in the event. Low water level setpoint logic
initiates automatic reactor scram, trips the recirculation pumps and initiates high pressure makeup
with the Reactor Core Isolation Cooling (RCIC) system. 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 8-30 through 8-33 and Table 8-8 for the LOFW event.

Figure 8-30. TRACG Power and Flow Response for LOFW Event
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Figure 8-3 1. TRACG Dowucomer Water Level Response for LOFW Event

Figure 8-32. TRACG Pressure Response for LOFW Event
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Figure 8-33. TRACG Vessel Inlet and Exit Flow for LOFW Event
Table 8-8
LOFW KEY TRANSIENT PARAMETERS
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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

8.2

following manner:
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Table 8-9
ALLOWABLE OPERATING RANGE CHARACTERIZATION BASIS
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Figure 8-34. Typical Power/Flow Map

Figure 8-35. EOC Axial Power Shape
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Figure 8-36. MOC Nominal Rod Pattern

Figure 8-37. MOC Black and White Rod Pattern

Figure 8-38. EOC High Worth Scram Rods
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Only the pressurization events will consider the allowable control rod pattern since they are the only
events where scram effectiveness is critical to the severity of the event.
8.2.1.1

TTNB Allowable Operating Range Results

A summary of the results of the sensitivity analysis for the TTNB transient is provided in Table 8-10.
Table 8-10
TTNB ALLOWABLE OPERATING RANGE RESULTS

The characterization of these results is described in Table 8-11.
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Table 8-11
TTNB ALLOWABLE OPERATING RANGE CHARACTERIZATIONS

Based on the analysis results, all trends could be characterized. Where applicable, the application
procedure will require analysis at the limiting initial condition.
The EOC case with 4 high worth scram rods (HWSR) is provided as a flexibility option for operating
limit improvement. Specific controls required to implement this change are discussed in Section 9.0.
8.2.1.2

FWCF Allowable Operating Range Results

A summary of the results of the sensitivity analysis for the FWCF transient is provided in Table 8-12.

DemonstfrationAnalysis

83
8-33

NEDO-32906-A, Revision 3
Non-Proprietary Information
Table 8-12
FWCF ALLOWABLE OPERATING RANGE RESULTS

The characterization of these results is described in Table 8-13.
Table 8-13
FWCF ALLOWABLE OPERATING RANGE CHARACTERIZATIONS
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Based on the analysis results, all trends could be characterized. Where applicable, the application
procedure will require analysis at the limiting initial condition.
8.2.1.3

MSIVF Allowable Operating Range Results

A summary of the results of the sensitivity analysis for the MSIVF transient is provided in Table 8-14.
Table 8-14
MSIVF ALLOWABLE OPERATING RANGE RESULTS

The characterization of these results is described in Table 8-15.
Table 8-15
MSIVF ALLOWABLE OPERATING RANGE CHARACTERIZATIONS

Based on the analysis results, all trends could be characterized. Where applicable, the application
procedure will require analysis at the limiting initial condition.
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8.2.1.4 PRFO Allowable Operating Range Results
A summnary of the results of the sensitivity analysis for the PRFO transient is provided in Table 8-16.
Table 8-16
PRFO ALLOWABLE OPERATING RANGE RESULTS

Results are not sufficiently sensitive to any of the allowable operating range parameters to yield a
positive ACPR/ICPR.
8.2.1.5 2PTR Allowable Operating Range Results
A summary of the results of the sensitivity analysis for the PRFO transient is provided in Table 8-17.
Table 8-17
2PTR ALLOWABLE OPERATING RANGE RESULTS

Results are not sufficiently sensitive to any of the allowable operating range parameters to yield a
positive ACPR/ICPR.
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8.2.1.6

RFCF Allowable Operating Range Results

Table 8-18
RFCF ALLOWABLE OPERATING RANGE RESULTS

did not scram
Case scrammed on second flux peak

*Case

**

The characterization of these results is described in Table 8-19.
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Table 8-19
RFCF ALLOWABLE OPERATING RANGE CHARACTERIZATIONS

8.2.1.7 LFWH Allowable Operating Range Results
A summary of the results of the sensitivity analysis for the FWCF transient is provided in Table 8-20.
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Table 8-20
LFWH ALLOWABLE OPERATING RANGE RESULTS

The characterization of these results is described in Table 8-21.
Table 8-21
LFWH ALLOWABLE OPERATING RANGE CHARACTERIZATIONS
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I
8.2.1.8 LOFW Allowable Operating Range Results
A summary of the results of the sensitivity analysis for the LOFW transient is provided in Table 8-22.
Table 8-22
LOFW ALLOWABLE OPERATING RANGE RESULTS

The characterization of these results is described in Table 8-23.
Table 8-23
LOFW ALLOWABLE OPERATING RANGE CHARACTERIZATIONS

Based on the analysis results, all trends could be characterized. The nominal initial condition may be
assumed for all parameters.
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8.2.2

Initial Conditions Uncertainty

As described in Section 6.2, the initial condition is monitored through the use of plant sensors or online 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:

Table 8-24
INITIAL CONDITION UNCERTAINTY CHARACTERIZATIONS

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.
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Table 8-25
TTNB INITIAL CONDITION UNCERTAINTY RESULTS

The characterization of these results is described in Table 8-26.

Table 8-26
TTNB INITIAL CONDITION UNCERTAINTY CHARACTERIZATIONS
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Table 8-27
FWCF INITIAL CONDITION UNCERTAINTY RESULTS

The characterization of these results is described in Table 8-2 8.

Table 8-28
FWCF INITIAL CONDITION UNCERTAINTY CHARACTERIZATIONS
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8.2.2.3 MSIVF Initial Condition Uncertainty Results
A summary of the results of the core power sensitivity analysis for the MSIVF transient is provided in
Table 8-29.
Table 8-29
MSIVF INITIAL CONDITION UNCERTAINTY RESULTS

The characterization of these results is described in Table 8-30.
Table 8-30
MSIVF INITIAL CONDITION UNCERTAINTY CHARACTERIZATIONS
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8.2.2.4 PRLFO Initial Condition Uncertainty Results
A summary of the results of the core power sensitivity analysis for the PRFO transient is provided in
Table 8-3 1.
Table 8-31
PRFO INITIAL CONDITION UNCERTAINTY RESULTS

Results are not sufficiently sensitive to any of the initial conditions uncertainties to yield a positive
A&CPRJ'ICPR.
8.2.2.5 2PTR Initial Condition Uncertainty Results
A summary of the results of the core power sensitivity analysis for the 2PTR transient is provided in
Table 8-32.
Table 8-32
2PTR INITIAL CONDITION UNCERTAINTY RESULTS

Results are not sufficiently sensitive to any of the initial conditions uncertainties to yield a positive
ACPR/ICPR.
8.2.2.6 RFCF Initial Condition Uncertainty Results
A summary of the results of the core power sensitivity analysis for the RFCF transient is provided in
Table 8-33.
Table 8-33
RFCF INITIAL CONDITION UNCERTAINTY RESULTS

The characterization of these results is described in Table 8-34.
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Table 8-34
RFCF INITIAL CONDITION UNCERTAINTY CHARACTERIZATIONS

8.2.2.7 LFWII Initial Condition Uncertainty Results
A summary of the results of the core power sensitivity analysis for the LFWH transient is provided in
Table 8-35.
Table 8-35
LFWH INITIAL CONDITION UNCERTAINTY RESULTS

The characterization of these results is described in Table 8-3 6.
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Table 8-36
LFWH INITIAL CONDITION UNCERTAINTY CHARACTERIZATIONS

8.2.2.8 LOFW Initial Condition Uncertainty Results
A summary of the results of the core power sensitivity analysis for the FWCF transient is provided in
Table 8-37.
Table 8-37
LOFW INITIAL CONDITION UNCERTAINTY RESULTS

The characterization of these results is described in Table 8-38.
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Table 8-38
LOFW INITIAL CONDITION UNCERTAINTY CHARACTERIZATIONS

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. For BWRI2 through BWRI5 plants, the scram speed is assumed to vary with the
statistical distribution described in Table 6-2. Only the OLMCPR defining pressurization events will
assume the statistical scram speed. Table 8-39 shows the sensitivity of the TTNB and FWCF event to
scram speed.
Table 8-39
SCRAM SPEED UNCERTAINTY RESULTS

The scram speed uncertainty is added to the parameters in the statistical analysis.
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8.2.4

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:
Pressurization Events:

Depressurization Transients:
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8.3

Fuel Rod Thermal-Mechanical Performance
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For fast transients like TTNB, the heat flux is not as effective in determining the margin to centerline
melt and 1% strain. The most limiting rated power case for the BWRI4 plant presented in this
demonstration is a case with no RPT and with Tech Spec scram. The results of a calculation of peak
centerline temperature and mid plain plastic strain are presented in Table 8-40. An additional case is
analyzed scaling the nodal integrated powers by a factor of 1.5 in order to bound the 95/95 transient.
A value of 1.5 was chosen since it is consistent with the change in the integral power peak for the
worst case ITNB statistical trial (of 118 trials) described in Section 8.4.2. 1.
Table 8-40
TTNB FUEL THERMAL-MECHANICAL RESULTS

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 transient. 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 BWR types, other fuel types, or other plant hardware options (example Recirculation
Pump Trip).
The statistical analysis is performed in two steps. First each High and Medium ranked parameter is
evaluated at both the +lar and -la 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 fuinctions. The second step is a random statistical
evaluation. In this case each model parameter is varied randomly as described in Section 5. 1.
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8.4.1

Uncertainty Screening

8.4.1.1 TTNB Uncertainty Screening
Analysis has been performed at both the + lar and
8-39.

-

la level. These results are presented in Figure

11
Figure 8-39. TTNB Sensitivity to Individual Uncertainties

1]
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Figure 8-40. Void Fraction Response Comparing Base to - 1ly Interfacial Shear
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8.4.1.2 FWCF Uncertainty Screening
Analysis has been performed at both the +l1a and -1la level. These results are presented in Figure
8-41.

Figure 8-41. FWCF Sensitivity to Individual Uncertainties
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Non-Proprietary Information8.4.1.3 MSIVF Uncertainty Screening
Analysis has been performed at both the +lar and -la level. These results are presented in Figure
8-42.

RT

Figure 8-42. MSIVF Sensitivity to Individual Uncertainties

I
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8.4.1.4 RFCF Uncertainty Screening
Analysis has been performed at both the +Icy and -lcr level. These results are presented in Figure
8-43.

Figure 8-43. RFCF Sensitivity to Individual Uncertainties
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Figure 8-44. Rod Heat Flux Response Comparing Base to +lcr Fuel Heat Transfer
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8.4.1.5 LFWH Uncertainty Screening
Analysis has been performed at both the + la and -1la level. These results are presented in Figure
8-45.

Figure 8-45. LFWH Sensitivity to Individual Uncertainties
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8.4.1.6 LOFW Uncertainty Screening
Analysis has been performed at both the + lar and
8-46.

-

Icy level. These results are presented in Figure

Figure 8-46. LOFW Sensitivity to Individual Uncertainties
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8.4.2 Statistical Results
Two sets of 59 random trials were performed for each of the event scenarios which resulted in a
positive ACPR/ICPR and for the LOFW transient. The statistical parameters varied randomly are the
model parameters in Section 5.1, 2% core power uncertainty, and scram speed (for the TTNBP and
FWCF).
8.4.2.1 TTNB Statistical Analysis
The results of the statistical analysis for the TTNB event are presented in Figures 8-47 through 8-50.

Figure 8-47. Channel 29 ACPRJICPR Normality for TTNB
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Figure 8-48. Channel 29 ACPRIICPR Descriptive Statistics for TTNB

Figure 8-49. Channel 29 % ACPRIICPR Descriptive Statistics for TTNB
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Figure 8-50. Channel 27 % ACPRIICPR Descriptive Statistics for TTNB
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8.4.2.2 FWCF Statistical Analysis
The results of the statistical analysis for the FWCF event are presented in Figures 8-51 through 8-54.

Figure 8-51. Channel 29 ACPR/ICPR Normality for FWCF
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Figure 8-52. Channel 29 ACPRIICPR Descriptive Statistics for FWCF

Figure 8-53. Channel 29 % ACPRIICPR Descriptive Statistics for FW'CF
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Figure 8-54. Channel 27 % ACPRIICPR Descriptive Statistics for FWCF
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8.4.2.3 MSIVF Statistical Analysis
The results of the statistical analysis for the MSIVF event are presented in Figures 8-55 through 8-5 7.

Figure 8-55. Peak Pressure Normality for MSIVF
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Figure 8-56. Peak Pressure Descriptive Statistics for MSIVF

Figure 8-57. APeak Pressure Descriptive Statistics for MSIVF
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Figure 8-58. Channel 29 ACPRIICPR Normality for RFCF
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Figure 8-59. Channel 29 ACPRIICPR Descriptive Statistics for RFCF

Figure 8-60. Channel 29 % ACPRIICPR Descriptive Statistics for RFCF
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Figure 8-61. Channel 27 % ACPRIICPR Descriptive Statistics for RFCF
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8.4.2.5 LFWH Statistical Analysis
The results of the statistical analysis for the LFWTH event are presented in Figures 8-62 through 8-65.

Figure 8-62. Channel 29 ACPRJICPR Normality for LFWII
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Figure 8-63. Channel 29 ACPRIICPR Descriptive Statistics for LFWH

Figure 8-64. Channel 29 % ACPRIICPR Descriptive Statistics for LFWH
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Figure 8-65. Channel 27 % ACPRIICPR. Descriptive Statistics for LFWH
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8.4.2.6 LOFW Statistical Analysis

Figure 8-66. Minimum Wide Range Level Normality for LOFW
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Figure 8-67. Minimum Wide Range Level Descriptive Statistics for LOFW

Figure 8-68. % Change in Minimum Wide Range Level Descriptive Statistics for LOFW
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9.0

TECHNICAL SPECIFICATION MODIFICATIONS

No Technical Specification or Technical Specification Bases revisions are required with the
implementation of TRACG; however, Core Operating Limits Report (COLR) modifications will be
required if the High Worth Scram Rod option is implemented for pressurization event based
OLMCPR.
The requirements for the High Worth Scram Rod option are defined in the COLR as follows:
Requirements for Implementation of High Worth Scram Rods
1.

The plant is operating with the High Worth Scram Rods in notch positions defined by
Figure 9-1 (example).

2.

All rods that are adjacent to the High Worth Scram Rods are fully withdrawn.

3.

The High Worth Scram Rods meet the Technical Specification scram speed requirements.
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Attachment A
NRC RAls and Associated Responses

A-i

RAI I
Request:
As discussedin the September 1, 2000, conference call, the staff intends to run some comparative
calculations between the TRA CG kinetics model andNRC methods. Pleaseprepareandprovide
relevant information aboutfuel designs and core layout as well as the input deck to allow the staff to
develop a model andrun comparative cases. What is needed is asfollows:
1. Core design,
2. Assembly design information including radialand axial enrichment information,
3. Control rodpositions.
Response:
The requested core design information for a core at zero exposure was provided at the meeting on
September 11, 2000 in the separate document titled "Hypothetical Initial Core of GE12"E'-']. This
document includes the information necessary to construct a nuclear model for the core such as core
loading, control rod patterns and detailed nuclear design information for the fuel bundles.
A sample TRACG input deck that describes the channel hydraulic conditions initialized at rated power
and flow is contained in the file TT. INP file. This input file has been designed so that boundary
conditions to the core can be easily perturbed in order to test the response of the neutronics model.
This input file together with other input files needed to execute TRACG are include in the attached
ZIP file RAIl1 . Z IP. The included files are summarized in Table 1- 1.
Table 1-1

Summary of Files Contained in RAI1.ZIP

Description
primary input file
input overlay to increase flow by 20%
input overlay to decrease flow by 20%
input overlay to increase pressure by 20%
input overlay to decrease pressure by 20%
input file to GRIT graphics output code
sample command file to run a 5-sec null transient
sample command file to invoke a transient input overlay
neutronics transient input file
neutronics static restart file (input)
neutronics dynamic restart file (input)

File Name
TT.1NP
F UP.1NP
F DN.INP
P UP.INIP
P DN.1NP
TT.GRI
TT.COM
TT .COM
TI' TDT
SS .TSS
SS .TTR

Format
ASCII
ASCII
ASCII
ASCII
ASCII
ASCII
ASCII
ASCII
ASCII
VMS binary
VMS binary

The link below the table title for Table 1-1 can be used to access and view the ZIP file from a PC.
Use FTP in binary form to transfer the ZIP file to the VMS machine before expanding it in order to
avoid potential machine-dependent conflicts with file and record formats. All the files on the ZIP file

RAI I-

1-1

are input files so it will be most convenient if they are extracted into the VMS directory from which
the TRACG code will be executed. How the various input files are used is described in Appendix A
of the user's manual112 . Changes will be required in the COM files to specify the appropriate default
directory name and to reference the locations where the TRACG and GRIT executables have been
installed. The TT. COM file will execute a 5-second null transient that is useful for testing the
installation. No input parameters are needed to run TT. COM. The other command file, TT_. COM,
file can be used to run some simple perturbations to the core boundary conditions. A single command
line parameter specifying the basename of the input overlay file should be provided when using
TT_. COM. Four such overlay files have been provided for illustration purposes.
The rest of this response provides some descriptive information regarding the sample input model that
has been provided.
The input setup contains a truncated vessel model for the regions from the lower plenum to the upper
plenum as suggested by the NRC staff during our phone conversations. This simple setup facilitates
testing of the neutronics model since the core hydraulic conditions can easily be altered by changing
the boundary conditions. Although the vessel model contains two radial rings, the outer ring
corresponding to the downcomer region outside the core is not connected in this setup to the inner ring
since the recirculation system is not modeled. Thus the core flow is determined by a FILL component
connected directly to the lower plenum. Similarly, the core pressure is controlled by a PIPE and
BREK component connected directly to the upper plenum.
The 560 fuel bundles in the core are modeled hydraulically by I11 TRACG CHAN components. The
CHAN groups are shown in Figure 1-1. The "IAT" values tabulated in the figure correspond to the
different fuel assembly types defined by PANACEA. For each unique assembly type there is an
associated bundle number that defines the detailed nuclear design. The detailed bundle design
information for these bundles was provided previously in Reference [I1-I].
The initial control blade positions for this core were also previously indicated in Reference [1-1].
Typically control blades are not moved during AOO transients except for the case of a scram where
all the control blades will accelerate and move into the core from their initial position at some
prescribed rate. For the sample problem, additional flexibility for moving groups of control blades
has been provided by specifying 10 different groups of control blades so that particular groups can be
selectively moved. The control blade groupings are shown in Figure 1-2. The four bundles
surrounding each control blade position are indicated by the dark lines that denote the boundaries of
the control cells. The numbers denote the control blade group associated with the control cell. If
desired, control blades within each group can be moved by specifying "TROD" in the neutronics
transientinputfile TT. TDT.
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Figure 1-1

Channel Groups

Figure 1-2

Control Cells for the Control Blade Groups
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The ARK edit for the PANACEA wrapup provided previously in Appendix B of Reference [1I-1I
indicates a number of other key core hydraulic parameters that can be used to cross check for
consistency with the TRACO steady state conditions. These hydraulic parameters are compared in
Table 1-3.
Some of the details for the I11 channel groups that comprise the core for the provided sample problem
are shown in Table 1-4. The tabulated values represent a single bundle in the channel group. Much
more detailed information will be available from the from the TRACG output file or graphics file
when the code is executed for the sample problem. The user's manual that has been provided, 2 1
describes the inputs and provides an example of the types of outputs that can be obtained.
A transient calculation was performed for each of the four input overlay files identified in Table 1-1.
Each file specifies either a 20% step increase or decrease in either core pressure or total core flow.
The perturbations are performed individually and instantaneously at time zero without change in any
other quantity. The calculated total core power responses for these four scenarios are shown in Figure
1-3. Please note the logarithmic scale for the relative power. These four scenarios are provided as
illustrations of how to use the input deck that has been provided to perform transient calculations for
scenarios of interest to the NRC staff.
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State Core Flow Components at Rated Power and Flow
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Core Hydraulic Parameters for Steady State at Rated Power and Flow
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Table 1-4

Steady State Conditions for the Channel Groups

Figure 1-3
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References for RAI 1
[1-1]

"Hypothetical Initial Core of GE12"; GE Proprietary; September 10, 2000. (Stored in DRE
J1 1-035 58)

[1-2]

TRACG02A User's Manual, NEDC-32956P, Rev. 0, February 2000.
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RAI 2
Request:
Thie staff has examined the specialpower excersion reactor test benchmark discussedin
the qualificationtopical report. Pleaseprovide the input deck so that additional
calculations can be run.
Response:
The TRACG input deck and other files needed to run the special power excersion reactor
test (SPERT) benchmark calculation are provided in the attached ZIP file RA12. ZIP.
The included files are summarized in Table 2-1.
Table 2-1

Summary of Files Contained in RA12.ZIP

Description
TRACG command file to run steady state and transient
utility command file to delete all output files
SPERT test data for comparison
TRACG steady state input file
TRACG transient input file
neutronics steady state input file
neutronics transient input file
Iinput file to GRIT graphics output code
PANACEA wrapup file

File Name
RUJNCOM
CLEAN.COM
SPERT-TEST.DAT
SPERT SS.1NP
SPERT TR.INP
SPERT SS.TDT
SPERT TR.TDT
SPERT.GRI
SPERT.WRP

Format
ASCII
ASCII
ASCII
ASCII
ASCII
ASCII
ASCII
ASCII
VMS binarxy

The link below the table title for Table 2-1 can be used to access and view the ZIP file
from a PC. Use FTP in binary form to transfer the ZIP file to the VMS computer before
expanding it in order to avoid potential machine-dependent conflicts with file and record
formats. All the files on the ZIP file are input files so it will be most convenient if they
are extracted into the VMS directory from which the TRACG code will be executed.
How the various input files are used and the output files that will be produced when the
RUN. COM file is executed are described in Appendix A of the TRACG02A User's
Manualr 2 11. Changes will be required in the RUN. COM file to specify' the appropriate
default directory name and to reference the locations where the TRACO and GRIT
executables have been installed. The RUN. COM file will execute a steady state case of 20
seconds followed by the transient case. The transient is calculated for only 0.5 seconds
but the test data representing the power pulse covers only the first 0.289 seconds. For
convenience the GRIT input specified in file SPERT . GRI has been setup to produce
ASCII output in column form that can be readily plotted. This ASCII output will be
written to SPERT SS .GRA for the steady state and S PERTTR . GRA for the transient.

RAI 22-
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Reference for RAI 2
[2-1]

TRACG02A User's Manual, NEDC-32956P, Rev. 0, February 2000.
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RAI 3
Request:
Please evaluate the sensitivity of burnuppredictionson minimum criticalpower ratio
(M~CPR) for the transients of interest.
Response:
The method by which sensitivities to initial conditions are evaluated is described in
NEDE-32906P Section 6.2. The issue of burnup prediction is associated with the
quantity "core loading pattern and exposure distribution". Reload TRACG analysis will
include analysis of reference core loading pattern. Sensitivities to core loading pattern
and exposure distribution for each event scenario is provided in NEDE-32906P Section
8.2. Specific conclusions related to core loading pattern and exposure distribution are
provided in Section 8.2.4.
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RAT 4
Request:
Please evaluate the effects ofpower distributionuncertaintyon MCPR for the transients
of interest.
Response:
The method by which sensitivities to initial conditions are evaluated is described in
NEDE-32906P Section 6.2. The issue of power distribution is associated with the
quantities "axial power distribution" and "radial power distribution". Sensitivities to
power distribution for each event scenario are provided in NEDE-32906P Section 8.2.
Specific conclusions related to power distribution uncertainty are provided in Section
8.2.4.
The issue of power distribution is also important in the relationship of power distribution
to ICPR. This relationship is described in NEDE-32906P Section 7.5.2.4.

RAI 44-
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RAI 5
Request:
Please discuss the method used to calculate the parametersAf andAdjor use in the
gamma smearing.
Response:
In general the values can be determined by Monte Carlo analyses. For AOO analyses the
TRACG inputs SMEARI and SMEAR2 are retained at their default values of 1.0 since
the net effect of gamma smearing from rod-to-rod is accounted for in the relative pin
power distributions that are output from TGBLA. In other words, the R-factors that are
based on relative pin powers already reflect the impact of rod-to-rod gamma smeaning.
Values of SMEARI and SMEAR2 less than 1.0 would be appropriate only when the
fission densities are used directly to determine the rod peakings as may be done in some
LOCA calculations. It is also important to note that the transient responses characterized
in terms of ACPR/JCPR are insensitive to R-factor as has been demonstrated in Table 7-3
in Section 7.5.2.4 of NEDE-32906P.
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RAI 6
Request:

Please evaluate the effect of the update intervalfor the spatialsolution of the kinetics
solver on the MCPRfor the range of transientsbeing consideredjor TRACG. Does
solving this equation every amplitude/reactivity time step effect the results?
Response:
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RAI 7
Request:
Please evaluate the impact of using the implicit vs. explicit solver on the MCPR for the
range of transients being consideredfor TRACG. What user guidance exists to help
choosing which solver to use and when? What are the effects of using the explicit method
in a component connected to a component using the implicit method?
Response:
The implicit thermal hydraulic solver is used for all AOO transients. The implicit solver
was consistently used for the qualification and the proposed application. The explicit
solver is only used in the channel component for time domain stability calculations. The
central difference was implemented only for sensitivity studies and is not used for any
applications.
The following excerpt from the TRACGO2A Users Manual (NEDC-32956P) indicates
how the thermal hydraulic solver is selected and the user guidance that is provided.
W34I METHOD

Methods flag for integration of thermal hydraulic equations.
The implicit option is recommended, except for time domain
stability calculations (channel only), where the explicit option is
recommended.
0 = Explicit first order integration (Euler).
I = Implicit first order integration (modified Euler).
2 = Second order central integration scheme.
(Default = 1).

Sensitivity of thermal hydraulic instability calculations to numerical method, time step
size and nodalization is provided in Section 3.7 of the TPLACG Qualification(NEDE32177P, Rev. 2) LTR.
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RAI 8
Request:
What is the effect of the "CentralDifference Option Flag?" Describe the coding changes
made to implement this option.
Response:
See the response to RAI 7 for details on which solver options are used. The effect that the
hydraulic differencing schemes have on the coding is easiest to explain in terms of how it
impacts the fluid property that is convected out of a cell. These impacts are illustrated below.
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RAI 9
Request:
How was the effect of channelIgrouping on MCPR evaluated?
Response:
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RAI 10
Request:
What, if any, inconsistenciesarepresent when a plant monitors the reactorwith
PANVA Cl based methods with pin-power reconstructionwhen the operatingandsafety
limits are determined using TRACG which is based on PANACJO? What are Global
NuclearFuelI's (GNF 's) plansfor implementingPANA C I methods into TRA CG? The
staffconsiders the introduction oJPANACJJI methods into TRACG a model change
because the implementation of the kinetics equations into PANA Cl arefor a steadystate solver, not a transientcode such as TRACG.
Response:
We do not now nor do we intend to commingle these methods. Cores designed with
PANAC1OITGBLA04 use GESAMOl which is based on PANAClO to calculate the
safety limit minimum critical power ratio (SLMCPR). Transient responses would be
calculated with TRACG using the PANAC 10-based methods for these cores. Similarly,
cores designed with PANACi IITGBLA06 use GESAM02 which is based on PANAC 11
to calculate the SLMCPR and the transient responses would be evaluated using a
TRACG version that has PANACi 1I-based kinetics.

The steps we intend to follow in performing code updates, process changes and input
changes are described in Section 2.6 of the AQO LTR (NEDE-32906P, January 2000).
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RAI 11
Request:
What effect doesfuel pin grouping within CHAN have on the calculatedMCPRand
other relevant limits such as strain and linearheat generationrate (LHGR) limits?
Justi~fy the use ofpre-definedfixed valuesfor the pin power distribution.
Response:
The fuel pin grouping has negligible impact on the bundle hydraulic response since the
total energy input at each axial level is not changed by the pin-to-pin power distribution
at that level. TRACG does not model sub-channels.

For each rod type, the rod with the highest power determines the LHGR for that type. As
is the case for MCPR, the limiting rod of each type can initially be placed on its
respective limit using a pre-defined fixed distribution because the initial value is more
important than transient variations that may occur within a particular plane. Rods with
and without GAD are considered separately since they have different LHGR limits.
These LHGR limits are determined such that no thermal-mechanical limits (i.e., plastic
strain) will be exceeded during an over-power event. When TRACG is used to determine
these LHGR limits, it is necessary to iterate to determine the highest initial LHGR value
for each rod type such that the thermal-mechanical considerations are all satisfied even
when conservatisms are added to account for uncertainties.
Pin power uncertainties are considered in the SLMCPR uncertainties.
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RAI 12
Request:
Please discuss the benchmark values, biasesand uncertaintiesreferred to in section
CJAX Void Coefficient, H, Pages 5-2 andS-3 of TRA CG Applicationfor Anticipated
OperationalOccurrences TransientAnalyses, NEDE-32906P. These come from
MCNPOJA to TGBLA04 comparisons.
Response:

Additional details are contained in the responses to RAT 13.
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RAI 13: Void Coefficient
This RAT consists of parts (a) through (i). Requests are indicated in italics. The
response for each part follows immediately after the request. The NRC requests in
parts (b), (c), (e) through (g), and (i) have been marked as proprietary because they
reveal GE proprietary information.
Request 13.a:
Given that TGBLA is a deterministic code, thefitted response surface of krnf as a
a)
function of water density and exposure must be smooth and basically without residuals.
On the other hand, thefitted response surface of kinffor the correspondingMCNP
calculation will have an error-in-fitand at each water density -exposure point a Monte
Carlostandarderror. In terms of these quantities, what do you mean by uncertainty and
bias?Please give the mathematical expressionsfor computing them.
Response 13.a:
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Request 13.b:

Response 13.b:
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13-6

Request 13.c:

Response 13.c:
As stated in the response to part (a), the error is not the Monte Carlo error nor is it
attributed to a fitting error. Monte Carlo histories play a limited role only in that there

RAI 13
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must be a sufficient number of histories so that errors in the k.,values from MCNP can be
assumed to be negligible.

Request 13.d:
d)
Why is a TGBLA calculationnecessary to compute the void coefficient? It
appears that it can be computedfrom only the Monte Carlo results. Moreover, since you
assume the Monte Carlo results to be the "truth",~bias would not be an issue.
Response 13.d:

Request 13.e:

RAI 13
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Response 13.e:

[II
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RAI 13

13-10

Request 13.f-.

I

Response 13.f:
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Request 13.g:

I

Response 13.g:

RAI 13131

13-12

Request 13.h:
h)
Please explain why the results of the Anderson-Darlingnormality test are
inconsistent, in a non-systematicfashion, from the percentagepoints quoted in Kendall
and Stuart. In particular,in Fig. 5-17 you have an A-Squared of 0.78 gives a p-value of
0.227; the comparablep-value given by Kendall and Stuart is around0.0Os. For the cases
in Figs S-i17,5-1 9 and 5-21 give the Shapiro-Wilk statistic and the relatedp-value. Give
the softwarepackage used to compute this statistic.
Response 13.h:
Note that the referenced figures pertain to comparisons of the jet pump calculations
with data and have nothing to do with void coefficient. The request and response is
addressed here to keep the requests in the same order as received from the NRC.
The source of the cited inconsistency in the Anderson-Darling normality test is not
known. The A-Squared value indicated in Fig. 5-17 is 0.476 not 0.78 as cited in the
request. In Figure 5-7 where A-Squared is 0.732, the associated P-value is 0.05 5 which
agrees favorably with the 0.05 P-value quoted in the request for Kendall and Stuart.
The software package used to calculate the Anderson-Darling statistics is MINI TAB for
Windows by Minitab, Inc. located in State College, Pennsylvania. The latest version of
the program (Version 12) currently does not perform the requested Shapiro-Wilk test for
normality but it does provide two tests for normality in addition to the Andersen-Darling
test. One of these is stated by a user note in the program to be similar to Shapiro-Wilk
normality test. These tests have been computed for the data in Figures 5-17, 5-19 and 52 1. The results are summarized in Table 13 -1.
Table 13-1
Normality Test Results for Requested Quantities
Figurereference
Figr e5-17
Figure 5-19
Andersen-Darling Normality Test

A-Squared

0.476

I

0.533

p-value
j
0.227
0.154
Ryan-Joiner W-Test for Normality (similar toShapiro-Wilk)

R

1apo. 0.9777

I

p-value
rx)>
0.1000
Kolmogorov-Smirnov Normality Test
D+
0.104

D-________
D

0.079

0

>.104

p-value (prx)>0.15
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0.9746
> 0.1000

13-13

Fige5-21

I

0.252
0.693

I

0.9856
>0.1000

0.171

0.079

0.085
0.171

0.127
0.127

0.081

>0. 15

- are not consistent with
Note that the results shown in Figure 5-20 of the AGO LTRE13 41
the statistics presented in Figure 5-2 1. Figure 5-20 as shown in the AGO LTR was
generated using a preliminary jetpump input that is different than the final recommended
value. Figure 5-20 based on the correct final code input is provided below. The
erroneous figure will be replaced with the correct one shown below when NEDE-32906P
is reissued to incorporate the results of the NRC review. Figure 5-21 in the AGO LTR is
already correct since it was based on the final results.

Figure 5-20 (corrected).
Request 13Ji:

Response 131i:

11

RAI 13134

13-14

References for RAI-13
[13-1] Qualylicationof the One-dimensionalCore Transient Modelfor Boiling Water
Reactors, NEDO-24 154-A and NEDE-24 154-P-A, Volumes 1, 11 and III, August
1986.
[13-2] Sitaraman, S., MCNP. Light Water Reactor CriticalBenchmarks, NEDO-32028,
Class 1, March 1992.
[13-3] J. G. M. Andersen, et al., TRA CG Model Description,NEDE-32176P, Rev. 2,
December 1999.
[13-4] J. G. M. Andersen, et al., TRA CG ApplicationforAnticipatedOperational
Occurrences (A00) TransientAnalyses, NEDE-32906P, January 2000.
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RAI 14
Request:
Pellet Heat Transfer Parameters
What do you mean by "qualifying the overall model againstfuel temperature data" at the
bottom ofpage 5-12 ofNEDE-32906P? Whatfuel temperature data?In-core
measurements?
Response:
The data are in-core measurements of fuel centerline to coolant temperature differences.
The data comes from test reactors such as the Halden reactor and are documented in the
approved GESTR Licensing Topical Report:
B. S. Shiralkar, et al., The GESTR-LOCA andSAFER Models for the Evaluation of
the Loss-of-CoolantAccident, Volume III: SAFER/GESTR Application Methodology,
NEDE-23785-1-PA, Rev. 1, October 1984.
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I RAI 15
Request:
Analysis of Variance
Give the statisticalmodel, as a mathematical expression, on which the analysis of
a)
variance is performed.Give the physical interpretationfor each term. That is, what are
the so called treatments orfactor levels? Are there any interaction effects that should be
taken into account?How do you treat the "measurement" error?
Pleasestate the statisticalhypothesis that is at issue. Give the physical rational
b)
for the choice.
c)
In terms of the above statisticalmodel what is the meaning of the sum of squares
terms in the context of the TRACG qualification.
What are the results of "Forthe ANO VA technique, the sample variance (s2) for
d)
all the Monte Carlo trails is analyzed" on page 7-6 ofNEDE-32906P?
Response:
All four parts of the request result from the misuse of the expression Analysis of Variance
in Section 7.3.4 of NEDE-32906P. The method really is just the standard method for
deriving tolerance bounds from samples of normal populations. The attached Sections
7.3.3 through 7.5.1 have been re-written to clarify the statistical approach.

RAI 15
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ATTACHMENT
7.3.3

Order Statistics Method

-

-

RAI 15

Single Bounding Value (GRS)

The Monte Carlo method that has been used in Germany by Gesellschaft ffir Anlagenund Reaktorsicherheit (GRS) [24] requires only a modest number of calculations, and
automatically includes the effects of interactions between perturbations to different
parameters. In this GRS method, Monte Carlo trials are used to vary all uncertain model
and plant parameters randomly and simultaneously, each according to its uncertainty and
assumed probability density function (PDF), and then a method based on the order
statistics of the output values is used to derive upper tolerance bounds (one-sided, upper
tolerance limits OSUTLs).
Monte Carlo sampling of each parameter according to its assigned PDF yields the value
of that parameter to be used for a particular trial. Given such a trial set of input
parameters, the calculation process determines the corresponding output parameter of
interest. Therefore, while void coefficient might be set at a -1.5a value, inter-facial shear
might be set to a value of +2.Ocr, 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.,
ACPRIICPR) 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 n times to define the sample values of the output parameter of interest
for the particular transient under consideration. Similar samples for other parameters, for
the same transient, can be generated at the same time without additional TRACG
calculations.
An OSUTL is a function U = U(x1 ,. ..,x,,) of the data x 1 ,...,x,, (which will be the values
of an output parameter of interest in a set of Monte Carlo trials), defined by two numbers
o < a, j3 < 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 100P% --- this is called an OSUJTL with
1O0rc%-content and (at least) I00f3% 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 f3, the OSUTL can be
defined as the largest of the data values, provided the sample size n Ž: log(1 -'fl) / log a
[25]. For 95%-content and 95% confidence level, the minimum sufficient sample size is
n--59.
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Figure 7-1. Schematic Process for Combining Uncertainties
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 apparently 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 t distribution with 4 degrees of freedom, the
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variability of the third largest in a sample of size 123 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
Largest
2 nd Largest
3r Largest
7.3.4

Sample Size
59
93
124

Normal Distribution One-Sided Upper Tolerance Limit

If the data 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

-

Y+Z
OSUTLafi, =3

*s

(7-2)

where 7T denotes the average of the outcomes of the TRACG trials, and s denotes their
standard deviation, and the factor za,,, is chosen to guarantee lO0cL%-content and 100P3%
confidence level. Since this factor za,,, 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: for example, Ryan-Joiner's,
Shapiro-Wilk's, or Anderson-Darling's. The values of za, are tbulated in many
statistical textbooks [25] 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, z95,95 =
2.024: as the sample size n increases, this factor approaches 1.645, the 95ff 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 normality. If
the data are unlikely to have originated from a normal population, then one should use the
order statistics method.
An example in Section 8.4.2.1 shows that the calculated values of Channel 29
ACPR/LCPR for the TTNB event may be regarded as a sample from a normal population,
to which this ND-OSUTL method can be applied. Although the illustrations are presented
only for ACPRIICPR, the same approach can in principle be used to determine the total
uncertainty in other calculated results such as centerline temperature, clad strain, vessel
pressure, and downcomer water level, again provided the requirement of normality is
met.
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7.4

Recommended Approach for Combining Uncertainties

This approach to determine the total uncertainty has several advantages over other
approaches as summarized in Table 7-2. The following expands on the discussion of
these advantages:
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Table 7-2
COMPARISONS OF METHODS FOR COMBINING UNCERTAINTIES
Method for Combining
Uncertainties
Advantages
Propagation of Errors

Disadvantages

Relatively small number computer runs, when the Approximate because it involves
number of input variables is small. The numnber of linearization.
cases is linearly related to the number of input
Necessary either to demonstrate
parameter uncertainties considered.
idependence of effects of individual
ucertainties on responses, or else must
include covariances explicitly.

Response Surface

Very precise statistical characterization of results .1umberof computer runs depends on the
with a large number of Monte Carlo Trials using -esponse surface model and increases
response surface.
xponentially with the number of input
uncertainties considered.
)aramieter
each
for
Different distributions can be specified
iput uncertainty.
teractions between input parameters have
Idependence of the effect of individual input
parameters on response is not necessary.

Order Statistics (GRS)

tbevesalopenso hed respconsie srfae.nh
h epnesrae
dvlpeto

Te number of random trials is independent of the Since the tolerance limits are based on order
number of input parameters considered,
statistics, they will vary from one set of
TRACG trials to another, and these
Te method requires no assumptions about the
ifferences may be substantial, especially
PDF f te otputparmetr.
DF oprameer.for
theoutut
small sets of TRACG trials, and
particularly if the tolerance bound is the
It is not necessary to perform separate
sample extremum.
calculations to determine the sensitivity of the
response to individual input parameters.
It is not necessary to make assumptions about the
effect on the output of interactions of input
parameters.

Normal Distribution
One-sided Upper
Tolerance Limit
-OSUTL)

Te number of random trials is independent of the Te normality of the PDF for the output
number of input parameters considered.
variable must be demonstrated.
ly a relatively small number of random trials is
needed for a precise statistical characterization of
the results.
It is not necessary to perform separate
alculations to determine the sensitivity of the
response to individual input parameters.
It is not necessary to make assumptions about the
effect on the output of interactions of input
parameters.

*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.
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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, because they are based on
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.

7.5

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) to establish that fuel thermal/mechanical performance, peak vessel
pressure, and minimum water level all have acceptable margins to design limits. The
application to the last 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.
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[II

1]

II]

RAT 15

15-8
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I RAI 16
Request:
Statistical Limits
a)
Pleasestate the theorem andgive the reference to support the statement on page
7-6 ofNEDE-32906P: "Statisticaltheory provides thatfor an output that is a continuous
function of many inputs, the sample mean of this PDFwill be approximatedby a normal
distributioneven if the distributionfunctionfor the variable itselfis not normally
distributed."
b)
The discussion of one-sided tolerance limits on pages 7-6 and 7-7 of NEDE32906P appears to confuse the properties of statisticalconfidence intervals and
tolerance intervals. A confidence intervalprovides an interval estimatefor the unknown
mean. Tolerance limits differfrom confidence intervals in that tolerance limits provide an
interval within which at least a specified proportion P of the population lies, with a
specifiedprobability /-a What is Z95, 95? Equation (7-2) is incorrect, and all derivations
of limits based on it are therefore also incorrect! Therefore, Eqs. 7-3 through 7- 7 are not
correct.
c)
The statement at the bottom ofpage 7-9: "The p-value must be greaterthan 0. 05
to be considerednormal."is too dogmatic.
d)
What is the confidence associatedwith SLMCRP 99 9discussed in section 7.5.2. 1 of
NEDE-32906P? How is it established?

e)

In Section 7.5.2.2 ofNEDE-32906P how is ACPR 9 5195 precisely

defined/computed? Is this value only associatedwith the limiting transient?
Response:
a) The original statement is incorrect, and indeed the exact or approximate normality of
the mean of the TRACG results is irrelevant in this context. To apply the method
described in 7.3.2, Normal DistributionOne-Sided Upper ToleranceLimit, one first
needs to ascertain that the results of the TRACG trials are not unlike a sample from a
normal population, by means of one or several tests of goodness-of-fit: please refer to the
attachment to RAI 15, which includes those portions of the report that were re-written
and pertain to this issue.
b) For the revised discussion of tolerance bounds, please refer to the attachment to RAI
15, in particular to 7.3. 1, Order Statistics Method- Single Bounding Value (GRS).
c) For the revised version of the relevant passage, please refer to the attachment to RAI
15, in particular to 7.3.2, Normal Distribution One-Sided Upper Tolerance Limit.
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d) The SLMCPR 9 9 .9 is determined at a 50% confidence level as described in
Appendix IV of GETABE'61 .

e) The currently-approved process for calculating

ACPR 95 /95

is defined in Reference

[16-2]. The current ODYN process is illustrated in Figure 16- 1. The proposed process
for TRACG is illustrated in Figure 16-2.

References for RAI 16
[16-1] General Electric B WR ThermalAnalysis Basis (GETAB): Data, Correlationand
Design Application, NEDO- 10958-A, January 1977.
[16-2] F. Odar, et al., Safety Evaluationfor the General Electric TopicalReport
Qualificationof the One-DimensionalCore TransientModelfor Boiling Water
Reactors, NEDO-24 154 and NEDE-24 154-P, Volumes I, II and 111, Prepared by
Reactor Systems Branch, DSI, June 1980.
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Figure 16-1
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ODYN OLMCPR Determination Method

16-3

Figure 16-2
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TRACG OLMCPR Determination Method
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RAI 17
Request:
OLMCPR computation issues
a. In Section 7.5.2.3 oJNEDE-32906P,what is meant in Step 1 by:
other than
(1) "ATRACG statisticalstudy will be performedjoreach AQO0,
generatingthe two distributionsin Figure 7-6? How many TRACG transient
calculationsare done 'for each type ofA 00, for each class of B WR plant type,
andfor eachfuel type "?
..

(2) In the last sentence "the evaluation is performed in the range of operating
CPRs rather than at the minimum point in the transient."
(3) What is meant by the term "generic"when referringto ACPR/ICPR?
b. In the expression ACPR/ICPR, in the context of Figure 7-6 ofNEDE-32906P, are
both ACPR andICPR random variables?If so, are they independent?
c. The use of the term "bias" in this context is confusing. In general, it refers to the
difference between the truth and either a calculationor the mean of a series of
measurements;you appear to mean the transientcomponent of CPR. Is that correct?
d

In Step 2 are the "nominalinitialconditions" those which lead to the limiting rod?

e. Are the Monte Carlocalculations in Step 3for the same plant/cycle/event as in
Step2?
Response:
a. With respect to Step I of Secti on 7.5.2.3 of NEDE-32906P:

(2) The process block in Figure 7-5 "Establish Base Core Conditions SLMCPR
Core MCPR" represents the MCPR point in a transient even though the method
is a steady state method. The process block in Figure 7-8 "Establish Base Core
Conditions OLMCPR = Core MCPR" represents the pre-transient MCPR and
therefore an operable condition. The trials shown in Figure 7-8 are performed
at conditions representative of operating conditions (approximately 100% core
power) rather than at conditions representing the minimum point in the transient
(typically greater than 1 10% core power).
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c. The term "bias" in Section 7.5.2.3 refers to the difference between the nominal value
of ACPR/ICPR and the mean value of ACPRIICPR.
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RAI 18
Request:
Validation
a) What is "vvalidated"r by a code, calculation that shows the output is insensitive to
variationsin the input? It may be true for the model, but what does it have to do with
reality?
b) In the lastparagraphonpage 7-20 of NEDE-32906P the reference to Figure 7-8
appearsto be incorrect.
c) Please comment on the following observation: A TRA4CG solution is analogousto a
correlatedtime series; the solution at the next time step is dependent on the current
solution. In such cases, the errorin the solution is cumulative and similar,for
example, to the behaviorshown in Figures 7-12 and 7-14 of NEDE-32906P. Why
does the error in Figures 7-11 and 7-13 decreasepast the peak of the function value?

Response:

a) The "validation" presented in Section 7.5.2.4 is targeted at how the model is to be
applied. Validation of the model itself relative to reality relies on the extensive
qualification bases documented in NEDE-32177P. These qualification bases validate
the model by showing that all the relevant real phenomena and processes are
adequately modeled. The validation presented in Section 7.5.2.4 of NEDE-32906P
should be viewed with respect to the components that influence the model's
calculation of steady state ICPR and the components that influence the calculation of
the transient MCPR. Critical power ratio (CPR) is a calculated quantity for which
real data does not exist thus one must validate the processes that are important to
determining CPR and the key quantities that are needed to perform these calculations.
The steady state process used to get the initial conditions important for determining
ICPR has been validated against plant uncertainties. The NRC staff has reviewed and
approved this process as documented in: "Acceptance for Referencing of Licensing
Topical Reports, Methodology and Uncertaintiesfor Safety Limit MCPR Evaluations,
NEDC -3 260 1iP; Power DistributionUncertaintiesfor Safety Limit MCPR Evaluation,
NEDC-32694P; Letter from F. Akstulewicz (NCR) to G. A. Watford (GE) dated
March 11, 1999".
Accurate simulation of the transient processes and phenomena has been
demonstrated through the extensive qualification in NEDE-32177P. Four of the key
full scale plant data companisons are shown in Section 7.6.
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I
b) The figure number in the last paragraph on page 7-20 of NEDE-329061P should be
Figure 7-9. Furthermore, the figure number in the second to last paragraph on page
7-20 should be Figure 7-6.
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RAT 19
Request:
a)
A question has come up regardingthe field equations in TRA CG, to be more specific, the
manner in which density is handled. Please explain how density is definedfor steam and
noncondensiblegas as used in NEDE-321 76, Eqn 3.1-22 andfollowing. Addition of simple
densities is not correct and shouldfollow the Law ofAdditive Volumes, or Amagat's equation.
This looks like it is using mass forms, but please clarify.
b)
Also, shouldn't equations B-18 and B-20a be in terms ofpartialpressure ratherthan total
pressure?
Response 19a:
There are two methods for dealing with gas mixtures. One method is to apply Amagat's law.
This is equivalent to assuming that the components of the gas are segregated each into their own
volume. Each volume is determined such that the pressure in each volume is equal. The
volumes of the gases are additive and any volume not occupied by liquid is accounted for by the
sum of the gas volumes. For this method the pressure in each volume equals the pressure in the
other volumes and all are equal to the total pressure for the node. Other relationships that apply
for this method are provided in the column labeled "Method 1" of Table 19- 1.
Another more common modeling approach is to assume that all gases are mixed as a GibbsDalton mixture in a single gas volume. TRACG02A uses this second approach which is the
same model that was first implemented in TRAC-BDl in 1983[19"1 when the capability to model
noncondensible gases was added. Other TRAC codes (19 -2 ,19-3] use the same approach as does
RELAP/5[ 19A]. For this second method all gas components (steam and noncondensible gases) are
assumed to be intimately mixed so that they occupy the same volume. The individual
components are diluted, thus the component densities are reduced relative to the pure fluid
component densities. The component reduced or partial densities add to equal the total gas
density. The pressures for the individual gas components are partial pressures since they are
evaluated using the partial densities. The partial pressures sum to define the total gas pressure
according to Dalton's law for partial pressures. For the implementation in TRAC, all the gases
are assumed to be at the same temperature which need not be equal to the saturation temperature
for the steam. Other relationships that apply for this method are provided in the column labeled
"Method 2" of Table 19- 1. Method 2 is what is used in TRACGO2A.
For both methods the gas volume(s) and the liquid volume sum to the total nodal volume. For
both methods the liquid pressure is equal the total gas pressure and this pressure is the total nodal
pressure. The key distinction between the methods is the assumption that is made regarding the
mixing of the gaseous fluid components. In TRACG02A (as in the other TRAC codes) the
assumption is that all the gases are mixed and share a common gas volume. All the fluid
relationships consistent with this assumption then follow. They are correctly applied.

RAI 19

119-1

Table19-1
ComDarisn of Two Methods for Modeline Muli-Comivonent Fluids
Method 2 (used in TRACG)
Method 1
Dalton's law of partial pressures
Aaat's law
essential relationship
Table 19-1

masses

M=Mj+Mg

M=M~+Mg

volumes

V= V,+ Vg

V= V,+ Vg
g

_______=_____+__

volume fractions

V,
V

l-a= V
V
V V V
is not defined (or needed)

V

V

a

=

_.

3

V9
V.fVdl0RAIVg

M

M
V

densities
total

A
V,

liquid

Pt

combined gases

P9 =g

gas component densities

V= V9 V,= V

V
AY i+ M.P

gas total densities

Mg-M,+ M.
gas reduced densities
MM

_,

M.

=g7

Vasr'P VgYs±'P

vý

Vp,
p.P

P9 =

gP,+VP

g

= (I - APs+A 3 Pa

P+ Pa
+ a1pg

fluid mixture density

p = (1 - a)p, + (Xpg

p = (-a)Pe

pressures

=1 -a)p
P+ a(1-/3l)p, afi
gas total pressures

=(1-a)p + ap,+aPa
gas partial pressures

P= P=P

PP+

Pa
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Response 19b:
The TRACG02A code correctly makes the distinction between total pressure and the partial
pressure due to steam. The steam properties are evaluated at the partial steam pressure (P, = P Pa,) and the air properties are evaluated at the partial air pressure (Pa,). This usage is implied by
the context in Appendix B but had not been specifically called out. In Appendix B where steam
properties are given, P represents the pressure of the steam, i.e., the partial steam pressure.
Similarly, where air properties are given, P represents the pressure of the air, i.e., the partial air
pressure.
To eliminate the possibility of confusion, Appendix B has been revised to specifically indicate
where partial pressures are used. A copy of the clarified appendix in its entirety follows.
Revision bars in the left margin are used to indicate where the revisions have been made. The
revision bars on Equations (B-l1a, b, c) indicate changes from Rev. 1 of NEDE-32176P and are
not associated with the clarifications given in this response. All other indicated revisions are
associated with this response.
The TRACG02A code correctly makes the distinction between total pressure and the partial
pressure due to steam. To make this evident in the documentation, we will revise Appendix B of
NEDE-321I76P (as indicated in the attachment to this response) for the next publication.
References for RAI 19
[19- 1] W. L. Weaver, III; TRA C-B WR Completion Report: Noncondensible Gas Model, WRCD-83-062 (Rev), January 1983.
[19-2] TRAC-BF11MOD1.: An Advanced Best-Estimate Computer Programfor B WR Accident
Analysis; Model Description,NUREG/CR-4356, EGG-2626, Volume 1, August 1992.
[19-3] TRAC-PFJ/MODJ:An Advanced Best-Estimate Computer Programfor Pressurized
Water Reactor Thermal HydraulicAnalysis, NUREG/CR-3858, LA-10157-MS,
July 1986.
[19-4] RELAP5/MOD2 Models and Correlations,NUREG/CR-5 194, EGG-25 31, July 1988.
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Appendix B
Thermodynamic and Transport Fluid Properties
B.1 Introduction
Thermodynamic and transport property subroutines used in TRACG are based on
polynomial fits to steam table data for water and ideal gas behavior for the noncondensible gas.
Transport property fits were obtained from Reference B- I and thermodynamic property fits were
obtained from Reference B-2. Both the thermodynamic and transport property routines are used
by all TRACG component modules. Tables B-i through B-6 list the values of the constants.
The nomenclature used in this Appendix is consistent with the terminology defined in Section 3.
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Table B-i
Polynomial Constants for Thermodynamic Properties of Water and Air
CI

=117.8

C2

=0.223

C3

=255.2

C4
C5

=958.75
=-0.856

6

C2 4
C2 6

=

1.3

=

0.3

C2 8
C4 0
C4 1

=

1.0 x10 5

=

273.0

=

239.36

C6

=

2.619 410 618 x 106

C4 2

=

2.786 7

C7

=

-4.995x 1010

C4 3

=

-5.77626

5

C8

=

3.403 x 10

C4 4

=

3.938

C9

=

1.06655448

C4 5

=

1.0 x10-6

CIO

=

1.02 x10-8

C4 7

=

1.0 x10 3

CII

=

-2.548 x10-

C4 8

=

-0.15 x10 3

C12

=

2.589 600 x 106

C4 9

=

-20.0

15

3

C13

=

6.350 x10-

C5 1

=

0.657 x 10-6

C 14

=

-1.058 2x 10-9

C5 2

=

2.996 018 036 x10

3

C15

=

1.0764

C5 3

=

9.700 016 602 x10

3

C16

=

3.625 x10-10

=

C17

=

-9.063 x10-17

C5 4
C5 5

=

-8.448 077 393 x10
8.349 824

C2 0

=

461.7

C5 6

=

3.495 194 44 x10

C2 1
C2 3

=

2.0 x10 6

Ck0

=-

8.335 44 x10-

=

647.3

Ck2

=

-2.247 45 x10-

ELEO
ELEl
ELE2
ELE3
ELE4

=
=
=
=

2.283 789 029 x10
7
-2.622 156 77 x10
1.129 486 67 x 105
-2.162 339 85 x10 2
0.155 283 438

Cvg
R

=

714.9

=

287.12

ELCO
ELC 1
ELC2
ELC3

=

=

1.758 80 x10 4
3.7402 x10
4.02435
-0.0157294

ELC4

=

3.130 1 x 10-5

ELDO
ELDI
ELD2
ELD3
ELD4

=

6.185 27 x10
-8.145 47 x10 4
4.46598 x10 2
-1.041 16
4
9.260 22 x10-
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Table B-i
Polynomial Constants for Thermodynamic Properties of Water and Air
(Continued)
CVL1
CVL2
CVL3
CVL4
CVL5

=

CVL6
CVL7
CVL8
CVL9

=

=
=
=
=

=
=
=

2.252 62
0.014 8594
-7.154 88 x 10-5
-0.010 458 8
-1.029 62 x 1-

1.002 13623
-5.632 785 x 10-5
-8.971 304 77 x 10-9
-2.282 874 59 x 10-5
4.765 967 87 x 10-7

CYHi
CVH2
CVH3
CVH4
CVH15

=

5.021318 x10-1 0
4.101 156 58 x 10-6
-3.803 989 08 x 10-9
-1.421997 52 x10-1 2

CVH6
CVH7
CVH8

=

=

5.09135 x10-7
2.592 66 x 10-5
1.724 1 x 10-7

CVH9

=

-8.984 19 x10-1 0

=
=
=
=

=

Table B-2
Derived Constants for Thermod4ynamic Properties of Water and Air
A1
A2
A3
A4
A5
A6
A7
A8
A9
A 10

C2

-

1.0

C5

A1

-

I1./C

A1

-

I1./C

-

1.0

A

A

1

1

3

2

2 C 4 5 *C4 8

C 4 1 *C4 5
ELCI
2 - ELC2
3 - ELC3
4 * ELC4

DELEO
DELE1
DELE2
DELE3

ELEl
2 - ELE2
3 - ELE3
4 * ELE4

I1

.(1-0

1./A

+C

1 3

2

8

2 3

2. C11

A

DELCO
DELCI
DELC2
DELC3
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-C4 * C5/C 2 3

A

=

Al

A1

C4 5 * C4 9
=

2 * C2 d/(C 2 4 * C2 0 )

A=
A1

C1 * 2/2

A

1 8

1 9

2

0

DELDO
DELDI

DELD2
DELD3
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2-C 17
2.*C4 8 *C 45
C 4 5 * C4 9
ELDI
2 - ELD2
3 - ELD3
4 - ELD4

2 6

)

Table B-3
Basic Constants for Transport Properties of Water and Air
Bot

=

2.394 907 x 1-

Ble

=

-5.196250x10-1 3

Coe

=

1.193203xl10 1 '

cie

=

2.412704x10-1 8

Dot

=

-3.944 067 x10-1

Dle

=

-1.680 771 x10-2 4

7

Cig

1.688 359 68 x10

C2g

0.602 985 6
4.820 979 623 x 102

C3g

2.953 179 05 x 107

C4g
C5g

1.8
4.60 x 102

C6g

Table B-4
Liquid Viscosity Constants
2

Aot

=

1.299 470 229 x 10-3

Boe

=

-6.5959 x10-1

Ale

=

-9.264 032 108 x 10-4

Blt

=

6.763 x10-1 2

AUe

=

3.810 470 61 x10-4

BUe

=

2.888 25 x10-1 2

AMe

=

-8.219 444 458 x 10-5

BYe

=

4.4525 x10-1 3

=

7.022 437 984 x 10-6
Eoe

=

1.452 605 2612 x 10-3

=3.026 032 306 x 10-4

Doe
=

-1.836 606 896 x 10-4

Ele

=

-6.988 008 498 5 x 10-9

=

7.567 075 775 x 10-5

EVt

=

1.521 023 033 4 x104

DYe

=

-1.647 878 879 x 10-5

EMe

=

1.230 319 494 6 x 10-20

DVe

=

1.416 457 633 x 10-6

Foe

=

-3.806 350 753 3 x 10-11

=

6
8.581 289 699 x10-

=

3.928 520 767 7x 10-16

COn

=

4.265 884 x10

F2e

=

-1.258 579 929 2 x 10-21

Pi

-

6.894 575 293 x10

FMe

=

1.286 018 078 8 x 10-27

=

3.892 077 365 x 10-6

ehO

=

6.484 503 981 x10-6

Cl'

=

DUe

ecOn
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=

5.535 88 x10

=

2.76 x 105

4
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4.014 676 x 105
5
= 3.94 x10

5

Table B-5
Vapor Viscosity Constants
Aog

=

3.53 x 10-8

Big

=

0.407 x 10-7

Aig

=

6.765 x10-1 1

Cig

-

8.04 x 10-6

A2g

=

1.021 x10-14

Dig

=

1.858 x10-

Ejg

=

5.9 x10-1 0

5 x 10-5

Gig

=

176.0

7 x10-7

G2 g
G3g

Fig

=-0.288

F2g

=0.242

F3g

=-0.678

F4g

=0.631

10

933 3 x10-

703 703 7 x 10-13

7

1.6

--

-0.0048

G4g

0.474 074 074 x 10-5

--

1.708 x10-5

=

1.735 x10-5

He2

=

5.927 x10-8

=

4.193 x10-8

He3

=

8.14 x10-1 1

=

i.09X10-1 1

TI

=

T2

573.15
=648.15

Table B-6
Thermal Conductivity Constants
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5

=

5.815 x10

Aeo

=

0.573 738 622

Ael

=

0.253 610 355 1

Ae2

=

-0.145 468 269

At 3

=

0.013 874 724 85

C

=

2.148 2 x10 5

Ago

=

1.76

x

Agi

=

5.87

x 10-5

Ag2

=

1.04 x10-

Ag3

=

-4.51x 10-1 1

Bgo

=

1.035 1xl10-

Bgi

=

0.419 8x 10-6

Bg2

=

-2.771 x10-1 1

ho
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B.2 Thermodynamic Properties
Subroutine THERMO supplies thermodynamic properties for TRACG. The input variables
are pressure, liquid, and vapor temperatures. The output variables include (a) saturation
temperature, (b) the derivative of Tsat with respect to pressure, (c) internal energy, (d) density,
(e) the derivatives of internal energy and density with respect to pressure for each phase, and
(f) the derivatives of internal energy and density with respect to temperature for each phase.
Subroutine THERMO also includes an ideal gas option to calculate the density, internal energy,
and their associated derivatives with respect to pressure and temperature for the noncondensible.
The ranges of validity for the thermodynamic properties supplied by THERMO are
280.0OK:5Tf <647.OK, 280.0OK:•Tv:53000.0K, and1.0x10 3 Pa:•P:5 190.0Ox10 5 Pa. If
THERMO is provided with data outside this range, it adjusts the data to the corresponding limit
and issues a warning message.
Polynomial equations for the various properties used in THERMO are given below. Values
of the constants are given in Tables B-l1 and B-2.
B.2.1 Saturation Properties
B.2.1.1 Temperature
For Tsat •ý C23 (higher saturation temperatures cause THERMO to abort):
(B-la)

Tsat = Cly C2 + C3 - dT 1 - dT2
where
Y =A 14 P

In this expression P can be either the partial steam pressure or the total pressure since saturation
temperatures corresponding to both pressures are calculated in TRACG. The general assumnption,
however, is that the saturation temperature at the interface is given by the partial steam pressure,
i.e., Y = A14P8.
dT 1 and dT 2 are correction terms to improve the prediction at low pressures and are given by:
dT1

=

-1.298 + Yf(4.OlxlO-2 _ Y(3.548x10-4 _ Y9.62xlO-7j)

dT2

=

11.5 (948.55 + (2.344785

-

logio(Y)f

7 5) 0

418-

31.75

(B-lb)

(B-ic)

The derivative of the saturation temperature isobtained by analytical differentiation of the above
expressions.
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B.2.1.2 Internal Energy
For P: C21

e,,,-C 6 +C7 ( 1.0

(B-2a)

For P.>C 2 1

e.,

(B-2b)

=C, 2 +(C14 P, +C13 )P1
For P,5C 2 1

ae.._

1.0

)

(B-2c)

ap. (c 8+P.)

and for P. > C21
& = C 1 3 +AI PS*
7

(B-2d)

B.2.1.3 Heat Capacity

55+ Cj
(B-3a)

Cs= C52 + TI (C53 T1j + C54 ) +
and

_____

A

asat

LC
54 +2C
53 TI

(B-3b)

where
T, = 1.0 -A 15 Tsat
B.2.1.4 Enthalpy
(B-4a)

hg=eatYs

and
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(B-4b)
where

y, =C 9+(C 1P. +CI)P, forP,!

C2 1

= C15 + (C17P, +C1 6 )P, for P, >C21
hf =et(Tsat)+
ahf

apt

ap

ap

Pe(~t
P

I

Tsat

PeC sat)

(J1'at +apt

apt

t (Tsat ) aT

Tat

ar

and et, pt, and their derivatives are evaluated using the liquid equations given below.
B.2.2 Liquid Properties
B.2.2.1 Internal Energy
TLC= T, -273.15
_

[rnc
3 11C2
A14

ELP=(P-PSL)(CkO + Ck2 PSL)
and
2
ERT-- CkO +Ck 2 (2.PSL.P-3.PSL )
A, (A1 4 .PSL)A2

There are three temperature domains used in evaluating the liquid internal energy:
(1)

T < 548.15

(2)

548.15:•Te•ý6 ll.l5
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For Tj < 548.15:
ej =ELC0+ELC1*ThC+ELC2*TLC2 +ELC3-TLC 3
+ ELC4*TLC 4 +ELP.
3
2
aT-DELCO+DELC1* TLC+DELC2* TLC +DELC3* TLC +ERT.

(B-5a)

(B-5b)

For 548.15•5 Te:•611.15:
ej = ELDO + ELDI -TLC +ELD2* ThC 2 + ELD3* TLC3
+ ELD4. TLC4

+ ELP.

~--=DELDO+DELD1*TLC+DELD2.

TLC 2 +DELD3-TLC 3 +ERT.

(-a
(-a
(B-6b)

For Tt>611. 15:
ej = ELEO + ELE1.-TLC +ELE2. TLC 2 +ELE3*TLC 3
+ELE4.TLC 4

(-a

+ELP.

3
aT =DELEO+DELE1* ThC+DELE2 TLC2 +DELE3- TLC +ERT.

(B-7b)

For all three temperature domains:
(B-8)

ap =CkO +Ck2 -PSL 2 .
B.2.2.2 Density
Define PBAR

=

1.0 x 10-5 P and TLC = Tf - 273.15. There are three temperature domains:

(1)

T > 525.15

(2)

T < 521.15

(3)

521.15:•Tf:55 2 5.15
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For Te> 525.15:

pi=A+1000

2(B-9a)

Pe4 3 (CVH1+CVLI2.PBAR+CVH3.PBAR2 +Pi *ThC+y1 .TLC2)
api-- pt 1 .43)2 1 . x o 8 C H 2 C H3 P A
.01 8 CV22CV3PA

(B-9b)

+TLC(CVH15+2.CVH6*PBAR)+TLC 2 (CVH8+2.CVH9. PBAR)]
apt

1.43) 2 1.

_-(p

103(

+

ylTC

(B-9c)

where
01 =CVH4+CVH5.PBAR+CVH6*PBAR
and

2

yi =CVH7±CVH8-PBAR+CVH9.PBAR 2 .
For T < 5 2 1.15:

Pe=(CVLICL2.pBAR+CVL3.PBAR

)fiTLC7.TLc2

20

at- p+2.01) 2 .1.0x10-8 [CVL2+2.CVL3.PBA

Bla
B-Rb

+ TLC(CVL5 +2. CVL6. PBAR) +TLC 2 (CVL8 +2. CVL9 -PBAR)]
apt

(pt + 2.01)2.-1.0 x10-3 (031 +2.yl TLC)
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(B-l0c)

where
2
i CVL4 +CVL5- PBAR +CVL6* PBAR

'( CVL7±+CVL8* PBAR +CVL9* PBAR 2 .
For 521.15 •5 Te <5525.15, an average of the functions in Equations B-9 and B- 10 is used in
this range. Call the two values p&a and ptb, then:
Pe(525.15 - Tt

3

(T-

Pea.1

(B3-11a)

(525.15-Tt 'aPmb (T, -521.15" aPea
) aP(B-I
4.0
) -aP 4
4.0
-P=

ape

lb)

8 P&
aPe (525.15-Tt a~tb(Tj-521.l5)a
PtaP
+
I
4.0
(
-a
4.0
aTt
4.0
.t
aTe

(1311c
(- c

After evaluation above, a pressure correction is applied to p, and its derivatives. In the
following, the values calculated in Equations B-9a through B3- 11c are denoted by a tilde(-)
(a)

P Ž!4.0Oxl10 5 Pa

rapet

(b)
P•

(1 1000(ae)
apt

00~

)xOPa

(ape

10

9N
+ae

x) 10 ((b)95+6.24.0
Pa2xl

pe=(0.995+625xl0
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9

B.2.2.4 Enthalpy
Enthalpy is not evaluated by the water property routines, but may be evaluated easily
through:
(13-12)

ht ete+.

Ne

B.2.3 Vapor Properties
B.2.3.1 Superheated Vapor
(Tv -Tsao)>O0.
B.2.3.1.1 Internal Energy
=

sat
+A 1 [TT~)(-3]

2

11(

where

atA
Nff.2
1-r-(lI'ps
0

5

a'rs -

LA1
2K

k)J1

ae, ae,')[( 1.0 p
k2

aP. -2aTf)v

ak

A1 e

~Tatii[
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+F10

1.0

]

1.0

k = Al 3(es -esat )+'Tat 1.0 +

ak +I api
M.
M. kaP

1.0

1T~

1cp
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-1.)

(13-13)

and

ap _2.0F
aP. T.,

J .Al ]"

(a~r

ac
apj)

+

[yaP.

B.2.3.1.2 Density
P.

(B- 14a)

PS= [(y -1 .0)esat+C
26 (e8 -esat)]

(B-14b)

(ys-l1.)esat + C26 (es - esat

aV

and

ap.~
ps[1 0es
ap.

[(y5

ps

- +(

at (a

iae
-1
S-.0-C
26 )

I

-1 .)e~t+C26(e, -e~t))]}

I

e. )ýp

where
.±,-=C1 0 +Al 6 Ps for P,:!•C
ap
5

ýt-C 1+A 18PS

21

for P, >C21

and

ap5
s - 1.0)esat + C26 (es - esat
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(B- 14c)

If ps exceeds 0 . 9pt or is < 0, Equation B-14 is superseded by
(B-15a)

PS=09p

LOPS

=0.9

aTV

PtaI

(B-15b)

and
(B-15c)
B.2.3.1.3 Enthalpy

Enthalpy is not evaluated by the water property routines, but may be calculated easily
through:
h.e

(B-16)

+-P.
P.

B.2.3.2 Subcooled and Saturated Vapor
(TV -TsaOt)•0.
B.2.3.2.1 Internal Energy

Cp
es= esat + (TV

a'rv
-e ,

-

Tsat )

(B-17a)

2

(B-1Th)

C24
_( .0e.)

.6T .

(CC 4 )

+

(e,,-e,.t)

19P,

cps

C
Lc9,iI

(13- 17c)

B.2.3.2.2 Density
The formulas are identical to the superheated vapor case above, but the subcooled or
saturated vapor energy is used in this case.
B.2.3.2.3 Enthalpy
Enthalpy is not evaluated by the water property routines, but may be calculated easily
through:

RAI 19197

19-17

(B-18)

s

h,=e,

P.

B.2.3.3 Noncondensible Gas (Air)
The density and internal energy of the noncondensible gas are computed from the perfect
gas law. The default noncondensible gas is air. The option to overlay the gas constant (R) and
specific heat (Cvg)to model other gas(es) is available.
B.2.3.3.1 Internal Energy
ea= CvgTg

(Bl19a)

CV

(B-19b)

aea =
nV

ae. 00

(B-19c)

aP.
B.2.3.3.2 Density
P.

PRTv

aPa

1.0

M.a

RTv

apa

Rp.

=

P.(B-20a)
(B-20b)

(B-20c)

CI

where R is the universal gas constant divided by the molecular weight for the noncondensible.
B.2.3.4 Properties of Water Mixtures
The internal energy of a mixture of steam and noncondensible gas is given by the densityweighted average of the internal energies of the two species. The density of a mixture of steam
and noncondensible gas is the sunm of the densities of the two species.

B.3 Transport Properties
Subroutine FPROP isused to obtain transport water properties for TRACG. The input
variables for this routine are (a) the saturation temperature, (b)pressure, (c)enthalpies of each
phase, (d) vapor density, and (e) the vapor temperature. The output transport variables include
(a) the latent heat of vaporization, (b) surface tension, (c) constant pressure specific heat,
(d) viscosity, and (e) thermal conductivity of each phase. The transport property calls are
function calls within Subroutine FPROP. The polynomial equation fits for the transport
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properties used in FPROP are described below. Values of the constants are given in Tables B-3
through B-6.
B.3.1 Latent Heat of Vaporization
(B-2 1)

h fg = hg9 -hf
where hg is calculated using Equation B-4a and
hf = et+

P
-

where et and pt are calculated at saturation conditions according to Section B.2.2.
B.3.2 Constant Pressure Specific Heats
Constants used in this section are given in Table B-3.
ct= {he [he (Dot +DieP)+(Cot +CieP)] + Bot +BieP}-

c P9 =c1 g+C2gTi,

C3 gP.

(C 5gTv-C 6g)

+

C 4gPs

(C5 gTv-C 6g)9

(B-22)

(B-23)

Specific heat of the noncondensible gas is 1037.0.
B.3.3 Fluid Viscosities
Liquid

B.33.

Constants used in this section are given in Table B-4. The evaluation of liquid viscosity is
divided into three different enthalpy ranges:
(1) ht
1 •ýh,
(2)

h, <h:5h 2

(3) ht >h2
For hteý j
9t= (Aoe + Ai 1x+A 2 tx 2 +A3 1 x3 +A 41X4)
-(Boe +Bjiei+B

21

't1 2

+BMerI3) (p-p,)

where
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(B-24a)

x =(ht -c0 1 1)ho
and
11=

(he -ecOf)ehO.

In the range h, < h:!h 2

J~ Eih
(o +~ht+~h)

(B-24b)

+(Foe + Fiehe + F2eh2 + Fyh') (P - Pt).
For he > h
gt= (Dot +Djtz+D 2ez 2 +DRez
where

3

+D4ez4)

(B-24c)

z =(he -cn)hoo.
B.3.3.2 Vapor
Constants used in this section are given in Table B-5. Three vapor temperature ranges are
used to represent the data:
(1)

TV:5Ti

(2)

Ti<T < T 2

(3) TV >T2
For Tv:9Tj
1 = [Big (TV - 273.1 5)+ Cig] -PS [Dig
N~

RAI 191-2

-

Eig (TV -273.15)].
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(B-25a)

If p,~ < 10-7, it is set to that value.
ForTI < Tv <T 2 :
9S= B~g (TV - 2 7 3 .15)+ Cig - PS [Fig +F2g (Tv - 273.15)

" F3g (Tv -273.15)2 + F4g (Tv -273.15)2]
(B-25b)
" PS
5 G~

+G2g (TV - 2 7 3 .15)+ G3g (Tv - 273.15)2

+ Gg (Tv - 273.15) 3] (Aog +Aigps + A2g).
For Tv : 2
9~S= Bi (T-

2 7 3 .15)+CgP

(Ag +Algps±A 2g ).

(B-25c)

B.3.3.3 Noncondensible Gas
For the ideal gas, two ranges of Tv are used:
(1)

Tv!•502.15

(2)

Tv > 502.15

For Tv:• 502.15:
Ia= Hai + H1 2 (Tv -273.15)+ He3 (Tv - 273.15) 2.

(B-26a)

For TS > 502.15:
9a= HUI +Hu 2 (TV -273i15)+Hu 3 (Tv -273.15)2.

(B-26b)

B.3.4 Fluid Thermal Conductivities
B.3.4.1 Liquid
The liquid thermal conductivity is given by:
(B-27)

kj= A10o+ Ajxk + A2Xk2+ At3x3
where
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ht
Xk =

and the constants are given in Table B-6.
B.3.4.2 Vapor
For the vapor, thermal conductivity is given by:
ks =x + Ps

(B-28)

-~l~2

cps

+

where
Xi =Ago + Agi (Tv - 273.15)+ Ag2 (Tv -273.15)2 + Ag3 (Tv

-

273.15)3

and
X2 =Bgo+Bgi (TV - 2 7 3 .lS)+Bg2 (Tv -273.15)2

The constants are given in Table B-6. The thermal conductivity of the noncondensible gas is
0.0228.
B.3.5 Surface Tension
For Tsat < 374.151C:
5
3 + s rR 4 + s 5 mR
a=S 2 1TR2 + s 3 mR
4

S2

2

1

=S

2

where

TR = 647.3- Tsat
So= 0.83

S1 = 1.160936807 x 1S2= 1. 12140468 x 10-6

S3 = -5.752805 180 x 10-9
S4 = .286274650 x 10-11

S5 = -1.149719290 x 10-14
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+(+ST

(B-29)

For Tsat Ž: 374.15'C:
(B-30)
0.
This completes the description of the functional fits to the water transport properties.
0r=

B.4 Verification
The TRACG thermodynamic and transport fluid properties are consistent with the properties
used in TRAC-BD1 1. These properties have been compared to steam table data over a wide range
of conditions in Reference B-3. This assessment found good agreement for both thermodynamic
and transport properties throughout the saturation and nonequilibrium. regions. Additional
assessment to confirm this conclusion was performed by comparing the TRACG values to
ASME steam table values. A summary of these comparisons is provided in Tables B-7 through
B-9.
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Table B-7
Comparison of Saturation Properties
(14.7 < P < 1500 psia)
RMS Error*(%)

I

Property

Liquid

I

Vapor

0.17

Saturation Temperature
Enthalpy

0.16

Specific Volume

0.23

0.07
0.49

Specific Heat

2.94

5.13

Thermal Conductivity

2.28

0.17

Viscosity

2.27

0.14

0.21
Surface Tension
*Error = (ASME-TRACG)/ASME
Table B-8
RMS Error*(%) of Subcooled Liquid Properties (100'F < T < Tsad
Pressure (psia)
0.56

750
0.43

1000
0.48

1250
0.63

1500
0.82

0.20

0.18

0.19

0.22

0.23

0.24

0.38

0.27

0.23

0.30

Thermal Conductivity

0.72

1.07

1.09

1.10

0.42
0.98

0.60
0.84

0.89
0.68

Viscosity

2.16

12.95

2.71

2.47

2.18

1.91

1.70

14.7

250

500

Enthalpy

1.78

0.84

Specific Volume

0.20

Specific Heat

Property

*Error= (ASME-TRACG)/ASME
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Table B-9
RMS Error (%) of Superheated Steam Properties (1500'F > T > Tsat)
Pressure (jpsia)
14.7

250

500

750

1000

1250

1500

Enthalpy

0.74

0.52

0.33

0.30

0.55

0.96

1.59

Specific Volume

0.40

2.35

1.86

1.30

0.55

0.74

2.16

Specific Heat

1.16

1.25

1.38

1.21

1.10

0.67

0.87

Thermal Conductivity

< 0.01

0.05

0.07

0.07

0.05

0.13

0.38

Viscosity

< 0.01

0.03

0.06 10.10

0.15

0.21

0.31

Property

*Error= (ASME-TRACG)/ASME
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RAI 20
Request:
The staff-wishes to perform AQO transientcalculationsto better assess the capability and
applicabilityof TRACGO2A. To facilitate the staff review of the code, please provide in
ekectronicform all the inputfikes needed to reproduce the following AQO cases that are
listed in the identifiedsections of the TRACG QualificationLTR (NEDE-32177P, Rev. 2):
1. PeachBottom 2 turbine trip test #2 (Section 7.1);
2. Hatch 2 two-pump trip test (Section 7.2);
3. Nine Mile Point 2 pump upsho/test (Section 7.8);
4. Leibstadt loss offeedwater test with HPCS unavailable (Section 7.9).
Response:
All the input files for the four requested test cases are provided in electronic form on the
CD transmitted by Reference 20-1. All the files for a particular test case are collected in
a single VMS saveset file. A fifth saveset named UNPACK.SAV can be restored and
used to unpack the other four savesets. Each of the four AGO cases will be expanded
into a separate directory that contains all the input files needed to reproduce the results
documented in NEDE-32177P, Rev. 2. For each AOO test case, three command files are
provided: (1) RUN -S.COM will run the steady state job, (2) RUNT. COM will run the
transient job, (3) RUN.COM will run both the steady state and transientjobs. Each AGO
case includes a PANACl10 wrapup file (*.WRMP) that is used to supply the inputs for the
3D neutron kinetics. Each AGO case also includes a graphics input file (*.GRI) that can
be used together with the GRIT utility that was provided previously for use in extracting
key calculated values from the TRACG02A output graphics file (*.GRF file).
References for RAI 20
[20-1 ] GE/NRC Letter FLN-2001-003, G. A. Watford to U. S. NRC Document Control
Desk, "Transmittal of GE Proprietary Information Contained in Electronic form
on CD labeled: 'Input Files for Four Selected TRACG02A Qualification Cases
(3/15/2001)"', March 15, 2001.
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RAI 21
Request:
Th;e staffhas performeda series of audit calculationswith TRAC-BFJ andNESTLE using
the TRA4CG model provided by GNF. Analysis of a main steam isolation valve (MSIV)
closure event with TR4C-BFJ1/VESILE predicts a significantly different power when
compared to TPR4CG (refer to Figure 1, attached). The staff has assessed both models
and has not found any deficiencies in either the TRACG or the TRAC-BFJ,'NESTLE
input. The boundary conditions, for example, are identical. In order for the staff to
proceedwith the review, the following information is needed to assist us as we attempt to
reconcile the differences in the predictedresults.
a.

Provide all of the calculatedk-infinity valuesfrom the TGBLA code at the cross
section generation branchpoints.

b.

Describe the model used to accountfor the bypass and water roddensity in the
cross sectionformulation. How are changes in the bypass and water roddensity
accountedfor in the cross section generationcode andhow are these effects
averaged into aform suitablefor TRA4CG analysis?

C.

Describe the mathematicalform of the cross section model and relate the
coefficients in the TRACG kinetics outputfile to coefficients in the model.

d

Describe the form and content of the PANA CEA wrap-up file.
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Total Reactor Power
AfSIV~mkawr
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6e+09

24e+09

-1D

0510

15
Thuc (s)

20

Figure 1 Total Reactor Power with unmodified TRACG
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Responses
The responses are contained in four parts corresponding to the four parts of the request. For
convenience the request for each part is repeated prior to providing the response. Each part
begins on a new page. References for all four parts are consolidated below. Proprietary
information is indicated by a solid bar in the right margin.
References for RAI-21
[2 1-1] "Hypothetical Initial Core of GE 12"; GE Proprietary; September 10, 2000. (Stored in
DRF JI 1-03 558)
[21-2] J. G. M. Andersen et. al., TRACG Model Description,NEDE-32176P, Revision 2,
December 1999.
[21-3] Steady-State Nuclear Methods, NEDE-3 01 30-P-A, April 1985.
[2 1-4] PANACEA BWR Core Simulator, NEDE-20884, Volume 2, January 1993.
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Request 21-a:
a.
Provide all of the calculatedk-infinity values from the TGBLA code at the cross section
generation branchpoints.
Response 21-a:
The requested information for all the uncontrolled TGBLA lattices previously described in
Reference 21-1 is provided in Table 21-a. 1 below. The values are generated for in-channel void
fractions of 0%, 40% and 70%. Note that for all cases the out-channel void fractions are zero.
MCNP-calculated, values have also been provided for selected lattices especially those that are
used in the dominant bundle in the core. The core design was defined previously in response to
RAM-. The fuel type indices (lIFT or IF) in column 2 of the table correspond to the index used
on the PANACEA wrapup that was provided in response to RAM-. The requested information
for the fully controlled TGBLA lattices is provided in Table 21-a.2.
Table 21-a.1 K-infinity Values for Uncontrolled Lattices

1i
Lattice #

RAI 21

1

2

I

IFT=IF

1

3

1 0%void

1~

[1 5

140% void 1 70% void

I.

I

I.

I

.4

4.

I

4.

I.

I

.4

I*

I

4.

I.

I

4

I"

I

4.

I.

I

4

221-4

4.

1.

I-

4.

Table 21-a.2 K-infinity Values for Fully Controlled Lattices

1

1

12

Lattice #

1

4

1

140% void

1

I

4

4.

4

6

4

4.

.9

I

4

4.

.9

1.

.9

I
I

4

4.

4

1

4

4.

4

1

4

4.

4

1

4

4.

4

1

4

4.

4

I
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3

0% void

IFT=IF

I

221-5

5

70% void

Request 21-b:
Describe the model used to accountfor the bypass andwater rod density in the cross
b.
sectionformulation. How are changes in the bypass andwater rod density accountedfor
in the cross section generation code and how are these effects averagedinto aform
suitablefor TRA CG analysis.
Response 21-b:
Section 9.2 of Reference 21-2 states:
Void dependence is represented by the ratio of cell average water density relative to the
reference water density used in the lattice cell calculation. This ratio is given by:
U=-p
3
The cell average water density is the volume weighted average water density in the 6x6x6 in
cell used in the nuclear model. The cell size is identical to the pitch of the fuel channels, and
therefore the cell will include the channel and half of the bypass region between the channel and
the neighboring channel. The cell average water density is calculated by:

PA[(I -a)p,

_P] A +FBP[(1- 0)P,+ aP]

+Fj(1 -- )P, +xPv]
where: FAc is the relative volume in the active channel excluding the water rods.
FBP is the relative volume in the bypass region between channels
FwR is the relative volume in the water rods
ac is the void fraction
N~ is the liquid density
p, is the vapor density
Note, the volume fractions must satisfy':
FAC +FBP + FWR = 1.0

For each fuel type the nuclear parameters have been fitted in terms of U.
In the approved 3D core simulator PANACEA [21-3] the water rod volume is lumped together
with the bypass volume. When these volumes are lumped together, the above equation reduces
to:
P=

FAI 1 - a)p'

RAI 21

apv]AC- + (1- FAC i(1- a)PI

+ aPv]OC

221-6

where the subscript "OC" designate the out-of-channel density, or the average density in the
lumped bypass and water rod channel. This expression is identical to the calculation of the cell
averaged water density in PANACEA [21-3]. From the above derivation it is seen that the
calculation of the relative water density in TRACO is the same as in PANACEA, except for the
capability of TRACG to distinguish between the out-of-channel water in the bypass and the
water rods.
The nuclear parameters as used both in the approved PANACEA [2 1-3] and TRACG [2 1-2] are
correlated in terms of the average relative water density U and exposure. The correlations in
terms of the average relative density are obtained from lattice calculations at different in-channel
void fractions and exposures. A zero out-of-channel void fraction is used in the lattice33
calculations and the assumption is made that the worth of the water is the same in the 6~ in3 cell
independent of whether the water is in the channel or out of the channel.
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Request 21-c:
Describe the mathematicalform of the cross section model andrelate the coefficients in
C.
the TRACG kinetics outputfile to coefficients in the model.
Response 21-c:
TRACG provides outputs that indicate the cross section information contained on the
PANACEA wrapup, (See response to Request 21-d). PANACEA bundle types are assigned in a
map as shown by the example in Exhibit 21-c. 1. The example shows the core loading
corresponding to the PANACEA wrapup that was provided in response to RAM-. All the
information shown in these exhibits was extracted from the TT_ TOT file produced by running
the sample problems described in the response to RAM- .
PANACEA bundles are also referred to as assemblies and their corresponding index is denoted
by JAT. A particular TAT consists of one or more fuel types (lattices) that are stacked axially to
define the assembly. Each lattice has a unique fuel type index (IFT or IF) so that a particular
TAT is defined by how the IF values are stacked. For the wrapup, supplied in response to RAT-,
nine assembly types were defined as shown in Exhibit 21-c.2. Note that only the first five of
these assemblies were actually used in the core as indicated by the map in Exhibit 21 -cl.1

Exhiit~-c.1BUNLE
YP~sfro TRAG Knetcs Otpu Fil (*TOT
Exhibit 21 -c.21FUNDLETYPEs from TRACG Kinetics Output File (*.TOT)
Exhibit 21 -c.3 FUELS SET

RAT 21

IOPEdis from TRACG Kinetics Output File (*.TOT)
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Request 21-d:
d
Describe the form and content of the PANACEA wrap-upfile.
Response 21-d:
The following discussion is specific to PANAC1IOA and was extracted from the user
documentation contained in Reference [2 1-4].
The terms wrapup, wrapup, file, restart and restart file are used frequently throughout the
PANACEA documentation. The following discussion is included to acquaint the User with the
concepts these terms represent. The PANACEA program makes use of an input/output system
which partitions data into a number of "classes" or "data sets". The content of each data set for
PANACEA is summarized in the following table. A wrapup is a collection of classes of data
which is identified by a label or wrapup ID (WRAPID). This collection of data may reside on a
magnetic tape, a temporary disc file, or a permanent disc file. The wrapup format is a fixed
record length binary ("unformatted") file. The wrapup, may contain all the data sets necessary to
run PANACEA or some subset of the required data sets.
A wrapup file is simply one or more wrapups, each having a WRAPID, residing on a storage
device. The wrapup file is always ended by a pseudo-wrapup (WRAPID = EOWRAP) which
consists of just an identification block.
A restart is equivalent to a wrapup. The name change is meant to indicate the role the data plays
in the PANACEA case. A wrapup is output from a PANACEA case while a restart is input. It is
normal procedure for the wrapup from one case to be the restart of another. A restart file is,
therefore, the same as a wrapup file.
The following table gives a quick index of all classes in PANACEA which are wrapped up. For
those classes, the size, internal coding name, and a quick description are provided. Classes that
are not listed are not wrapped up.

CLASS
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TYPE

NAME

PANACEA CLASS SUMMARY
USER INPUT
REC.
NO.
OF
SYMBOL
NO.
OR CLASS SIZE
REC.
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DESCRIPTION

RAI 22
Request:
The prediction of safety limits using TRA4CG depends on the consistency between TRCG
predictions and test measurements usedfor the GENE criticalpower ratio correlation. Please
provide assessment information on the ability of MRACG to predictpressure dropsfor different
flow rates, inlet subcoolings, powers, anddifferentfuel bundle designs in the testfacility usedfor
criticalpower ratio testing.
Response:
The models for frictional pressure drop are described in Section 6.2 of Ref. [22-1]. This section
documents the models for wall friction and form losses and includes application range and
applicability to BWVR as well accuracy of the models. The GE design correlation is based on the
Chisholm correlation which has been tested against a wide range of data as documented in
Section 6.2.1.6 of Ref. [22-1]. Form losses are calculated using the homogeneous two phase
multiplier. This model has been extensively tested against full scale ATLAS pressure drop data
for spacers and tie plates as documented in Section 6.2.2.5 of Ref. [22-1]. Finally the
applicability of the pressure drop model is discussed in Section 6.2.3 of Ref. [22-1]. It is shown
that the models apply for the operating range of the BWR and that BWR bundle pressure drops
are very accurately calculated with these models.
Section 3.5 of Ref. [22-2] contains qualification against full scale ATLAS test data for a large
range of power and flow (0-8MW and 135-2034k g/m 2 S). These comparisons showed a small 5%
over-prediction of the pressure drop, and a standard deviation of 3.9%.

References for RAI 22
[22-1 ] TRACG Model Description, NEDE-32176P, Rev. 2, December 1999.
[22-2] TRACG Qualification, NEDE-32177P, Rev. 2, January 2000.
[22-3] J. G. M. Andersen, et al., TRACG Applicationfor Anticipated OperationalOccurrences
(A00) TransientA4nalyses, NEDE-32906P, January 2000.
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RAI 23
Request:
TRACG uses the rate of change of voidfraction, pressure, non-condensibke gas pressure, and
liquid and vapor temperatures to control the timestep size. In reactivity transients such as a rod
drop the key parameters that should control timestep size are the rate of control rod reactivity
insertion and the rate of change in fuel temperatures. What steps does GENE take to insure that
they get numerically converged resultsfor rod drop transientsin light of the fact that the TRACG
timestep control algorithm does not monitor the rate of change in the key controllingparameters
in the event?
Response:
In TRACG a distinction is made between numerical convergence and temporal discretization
error as indicated in Section 8.2.4 of Ref. [23-1]. The numerical convergence criteria are several
orders of magnitude tighter than the rate of change restrictions. The time step size is regulated to
control the inaccuracies associated with temporal discretization. These inaccuracies are a result
of the fundamental assumption that critical parameters remain constant during the time interval
of one time step. As indicated in Section 8.2.4 of Ref. [23 -1 ], the time step size in TRACG is a
function of the rate of change for the nodal values of the five independent hydraulic variables
(1) pressure, (2) void fraction, (3) vapor temperature, (4) liquid temperature and (5) noncondensable gas pressure. In addition to these, TRACG regulates the time step size to control
the rates of change for (6) heat slab temperatures, (7) fuel rod temperatures, and (8) nodal powers
from the 3D neutron kinetics model. Thus TRACG does indeed monitor key controlling
parameters for fast reactor transients by checking and controlling the rates of change for nodal
power and fuel rod temperatures.
For each of the eight quantifies identified in the previous paragraph there is an associated
T'RACG code input parameter RATEOK(i). The RATEOK default values are documented in
Appendix G of Ref. [23-2]. To provide additional detail on how the RATEOK values are used in
the rate of change equations, the five rate of change equations originally presented in Section
8.2.4.2 of Ref. [23-1] have been rewritten by replacing the default value with its symbolic
RATEOK(i) name. In addition, the three rate-of-change equations for items (6), (7) and (8) that
were not provided previously in Ref [23-1] have been added. All the equations given in this
RAI response will be included in the next revision of the TRACG Model Description LTR.
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Note that the first five equations above reduce to those given previously in Section 8.2.4.2 of
Ref. [23-1] when the default values of the RATEOKQi) inputs are specified. All the AGO
calculations presented in references [23-3] and [23-4] were run using the default values. The
symbols for the first five equations above are the same as defined in Section 8.2.4.2 of Ref.

[23-1] accept the "11" in the original expressions for T, T,, and P, should have been

"C'.

The

new symbols associated with the last three equations are:
Tý is the slab temperature which may be a single value for a lumped slab or an array
of values for a single-sided or double-sided slab with more than one node;
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Tf,,,i

is the fuel rod temperature which is defined for multiple radial nodes in the fuel
pellet and cladding at multiple axial locations in any number of rod groups for
each CHAN component;

P

is the nodal power in an axial node (k) of a CHAN (normalized to 1 real bundle).

The limiting rate-of-change ratio is quantified by ý which is defined as the maximum of the eight
individual rate of change ratios defined above. Allowable values for ý must satisfy
=maxQýp,

,

ýT, ýTv' ýTI'C~a T,

ýTfrI

Cp): XRATOK

The value of XRATOK may be input as described in Section 3.2 of Ref. [23-2], but the default
value of 1.25 is almost always used. (All the AOO calculations used XRLATOK=1.25.) When
is greater than XRATOK the time step fails and is repeated using a time step size that is at least a
factor of 2 smaller but not more than a factor of 10 smaller depending on the actual value of ý.
For values of~C: XRATOK a gain is defined that is the reciprocal of ý. This gain is not allowed
to exceed 1.5. This gain times the current time step size defines the time step size that will be
used for the next step provided the new time step size is not otherwise restricted by a high
iteration count or by any of the other criteria given in Section 8.2.4.3 of Ref. [23 -1]. In the
absence of these other restrictions, the rate-of-change logic is such that the time step sizes will
tend to float smoothly around values that result in a value for ý that is near unity.
Note that TRACG does indeed monitor key controlling parameters for fast reactor transients by
checking and controlling the rates of change for nodal power and fuel rod temperatures. The rod
drop accident (RDA) is not classified as an AOO event; nevertheless, the time step control
algorithm restricts the time step size to limit the maximum local changes in nodal power and fuel
temperature that may result in the event of a local prompt criticality from a RDA or some other
postulated reactivity insertion accident (RIA). The limits on nodal power and fuel temperature
also are relevant for boron dilution situations during an ATWS. Convergence of the 3D flux
shape is addressed separately and is controlled by specifying the parameters listed on page 35 of
Ref. [23-2]. For a LOCA, the rate of change for nodal power will not be relevant although the
rate of change for fuel temperature (including clad) may be important especially during the
quenching of hot fuel rods.
The capability of TRACG to control the time step size for AQO events is evident from the
sensitivity studies documented in Section 6.9 of Ref. [23-3]. In these studies performed for a fast
pressurization transient, changes in maximum allowed time step size produced negligible
changes in the calculated values for the key safety parameters. Additional sensitivity studies
were performed in response to RAT 6 to quantify the impact of varying other parameters related
to the neutron kinetics solver. Of course, these sensitivity studies are designed to address a
particular type of application, i.e., AO0s. Other applications of TRACG for non-AOO events
such as LOCA, ATWS and RDA/RIA have different critical parameters and thus have different
sensitivities to time step size that must be quantified for these specific applications. Some
additional non-AOO time step sensitivity studies are included in Ref. [23-3] Sections 3.1.5.4 and
3.7.5 in addition to those previously mentioned for AO0s in Section 6.9.
References for RAI 23
[23-1] TRACG Model Description, NEDE-32176P, Rev. 2, December 1999.
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[23-2] TRACG02A User's Manual, NEDC-32956P, Rev. 0, February 2000.
[23-3] TRACO Qualification, NEDE-32177P, Rev. 2, January 2000.
[23-4] J. G. M. Andersen, et al., TRA CG Applicationfor Anticipated OperationalOccurrences
(A00) TransientAnalyses, NEDE-32906P, January 2000.
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Revision 2 NRC Question
1. Equation 7-3 should be broken down into two parts, with, for example, Equation 7-3(a)
remaining the same as the current Equation 7-3, and a new Equation 7-3(b) for the situation
when the objective is to demonstrate the "Key Output" is to be greater than (">") the specified
design limit. This would clarify the form of Equation 7-7.
Response
Equation 7-3 has been broken down to clarify Equation 7-7. The updated Page 7-10 of the TR is
attached.
(See Page 7- 10 of TR)
Revision 2 NRC Question
2. Figure 7-19, for the Leibstadt loss of feedwater statistical analysis, should be revised to be
consistent with the other figures in Section 7 to include the Revision 2 results, in the same form
as for example Figure 7-18 or a justification as to why the change in the void coefficient would
not impact the results.
Response
A note of explanation has been added to Section 7.6.3. The updated Page 7-30 of the TR is
attached.
(See Page 7-30 of TR)
Revision 2 NRC Question
3. The NRC staff safety evaluation dated October 22, 2001 (Agencywide Documents Access
and Management System Accession No. ML01 2740518), states that Table 5-1 demonstrates
the normality of the void coefficient at the 5 percent level. In Revision 2, GENE proposes
removal of this table. GENE needs to provide an alternative to support the NRC staff's previous
conclusion or reinstate Table 5-1 in Revision 2.
Response
Table 5-1 and the associated text have been restored. Section 5 Pages 5-2 through 5-6 of the TR
are attached.
(See Pages 5-2 through 5-6 of TR)

