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USA
U.S. Nuclear Regulatory Commission Direct tel: (412) 374-4643
Document Control Desk Direct fax: (724) 940-8560
11555 Rockville Pike e-mail: greshaja@westinghouse.com
Rockville, MD 20852
LTR-NRC-15-24

April 14, 2015

Subject: Submittal of Westinghouse WCAP-16996-P Volume I, Revision 1 and WCAP-16996-NP
Volume I, Revision 1, ‘Realistic LOCA Evaluation Methodology Applied to the Full Spectrum
of Break Sizes (FULL SPECTRUM LOCA Methodology) - WCOBRA/TRAC-TF2 Models
and Correlations’ (Proprietary/Non-Proprietary), Project 700, TAC No. ME5244

Enclosed are copies of the proprietary and non-proprietary versions of the report ‘Westinghouse WCAP-
16996-P Volume I, Revision 1 and WCAP-16996-NP Volume I, Revision 1, Realistic LOCA Evaluation

Methodology Applied to the Full Spectrum of Break Sizes (FULL SPECTRUM LOCA Methodology) -
WCOBRA/TRAC-TF2 Models and Correlations’.

The updates from Revision O of the topical report are generally tracked, with the exceptions noted below;
additions and deletions are marked with change bars, and text additions are shown in blue (except for
equations which only have change bars). In order to improve readability and make the updates readily
identifiable, the following types of updates were not tracked:

¢ Any shifting of proprietary markings due to repagination.
Equation numbering and consistency formatting (any changes to the equations are
tracked).

e Reference consistency formatting and minor error correction (any additions or deletions
from the reference list are tracked).

¢ The updates previously transmitted to the Nuclear Regulatory Commission in LTR-NRC-
13-75.

Revision 1 of the topical report reflects all the updates to the FULL SPECTRUM LOCA™ (ESLOCAT™)
evaluation model which occurred as a result of the methodology licensing. The following additional

changes are also implemented and tracked consistent with the updates associated with the methodology
licensing:

e Any inconsistencies that were identified as part of updating the topical report are
corrected.

¢ The application range of the HRM break flow model is modified (Section 5.12) to
alleviate spurious premature unchoking in pressurized water reactor simulations.

FULL SPECTRUM and FSLOCA are trademarks of Westinghouse Electric Company LLS, it subsidiaries and/or its affiliates in
the United States of America and may be registered in other countries throughout the world. All rights reserved. Unauthorized
use is strictly prohibited. Other names may be trademarks of their respective owners.
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e The vapor flow at the top of a cell (rather than the cell average vapor flow) is used for the
reflood entrainment model (Section 5.6.3), as it better represents the vapor flow which
would carry droplets into the cell above.

¢ Updates are made in Section 5.4 to maintain consistent agreement with select separate
effects tests after the interfacial drag package was updated as a result of the licensing
process.

Also enclosed are:

1. An Application for Withholding Proprietary Information from Public Disclosure, AW-15-4146 (Non-
Proprietary), with Proprietary Information Notice and Copyright Notice

2. An Affidavit (Non-Proprietary).

This submittal contains proprietary information of Westinghouse Electric Company LLC. In

conformance with the requirements of 10 CFR Section 2.390, as amended, of the Commission’s

regulations, we are enclosing with this submittal an Application for Withholding Proprietary Information

from Public Disclosure and an Affidavit. The Affidavit sets forth the basis on which the information
identified as proprietary may be withheld from public disclosure by the Commission.

Correspondence with respect to the proprietary aspects of the Application for Withholding or the
Westinghouse Affidavit should reference AW-15-4146 and should be addressed to James A. Gresham,
Manager, Regulatory Compliance, Westinghouse Electric Company, 1000 Westinghouse Drive,
Building 3 Suite 310, Cranberry Township, Pennsylvania 16066.

Very truly yours,

W, oriris ) For

James A. Gresham, Manager

Regulatory Compliance

Enclosures

cc: Ekaterina Lenning (NRC)
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LTR-NRC-15-24
Page 2 of 2

bee:  James A. Gresham
Cheryl Robinson
Anne M. Stegman
Amy J. Colussy
Jeffrey R. Kobelak
Ryan S. Lenahan
Thomas Rodack
Marianne P. Rudakewiz

Internal References: LTR-FSLOCA-14-95
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W H h Westinghouse Electric Company

@ eSt Ing Uuse Engineering, Equipment and Major Projects
1000 Westinghouse Drive, Building 3
Cranberry Township, Pennsylvania 16066

USA
U.S. Nuclear Regulatory Commission Direct tel: (412) 374-4643
Document Control Desk Direct fax: (724) 940-8560
11555 Rockville Pike e-mail: greshaja@westinghouse.com
Rockville, MD 20852
AW-15-4146

April 14, 2015

APPLICATION FOR WITHHOLDING PROPRIETARY
INFORMATION FROM PUBLIC DISCL.OSURE

Subject: LTR-NRC-15-24 P-Attachment, ‘Westinghouse WCAP-16996-P Volume I, Revision 1 and
WCAP-16996-NP Volume I, Revision 1, Realistic LOCA Evaluation Methodology Applied
to the Full Spectrum of Break Sizes (FULL SPECTRUM LOCA Methodology) -
WCOBRA/TRAC-TF2 Models and Correlations’ (Proprietary)

Reference: Letter from James A. Gresham to Document Control Desk, LTR-NRC-15-24, dated
April 14,2015

The Application for Withholding Proprietary Information from Public Disclosure is submitted by
Westinghouse Electric Company LLC (Westinghouse), pursuant to the provisions of paragraph (b)(1) of
Section 2.390 of the Commission’s regulations. It contains commercial strategic information proprietary
to Westinghouse and customarily held in confidence.

The proprietary information for which withholding is being requested is identified in the proprietary
version of the subject report. In conformance with 10 CFR Section 2.390, Affidavit AW-15-4146
accompanies this Application for Withholding Proprietary Information from Public Disclosure, setting
forth the basis on which the identified proprietary information may be withheld from public disclosure.

Accordingly, it is respectfully requested that the subject information which is proprietary to Westinghouse
be withheld from public disclosure in accordance with 10 CFR Section 2.390 of the Commission’s
regulations.

Correspondence with respect to the proprietary aspects of the Application for Withholding or the
accompanying Affidavit should reference AW-15-4146 and should be addressed to James A. Gresham,
Manager, Regulatory Compliance, Westinghouse Electric Company, 1000 Westinghouse Drive,
Building 3 Suite 310, Cranberry Township, Pennsylvania 16066.

Very truly yours,

W f) Dot/ P,

James A. Gresham, Manager

Regulatory Compliance

WCAP-16996-NP-A : November 2016
Revision 1




AW-15-4146
April 14, 2015

AFFIDAVIT

COMMONWEALTH OF PENNSYLVANIA:
ss

COUNTY OF BUTLER:

I, Henry A. Sepp, am authorized to execute this Affidavit on behalf of Westinghouse Electric
Company LLC (Westinghouse), and that the averments of fact set forth in this Affidavit are true and

correct to the best of my knowledge, information, and belief.

A pe g

l

Henry A Sepp, Director

MCRE-Engineering Services
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I'am Manager, Regulatory Compliance, Westinghouse Electric Company LLC (Westinghouse),
and as such, I have been specifically delegated the function of reviewing the proprietary
information sought to be withheld from public disclosure in connection with nuclear power plant
licensing and rule making proceedings, and am authorized to apply for its withholding on behalf

of Westinghouse,

I'am making this Affidavit in conformance with the provisions of 10 CFR Section 2.390 of the
Commission's regulations and in conjunction with the Westinghouse Application for Withholding

Proprietary Information from Public Disclosure accompanying this Affidavit.

I have personal knowledge of the criteria and procedures utilized by Westinghouse in designating

information as a trade secret, privileged or as confidential commercial or financial information.

Pursuant to the provisions of paragraph (b)(4) of Section 2.390 of the Commission's regulations,
the following is furnished for consideration by the Commission in determining whether the

information sought to be withheld from public disclosure should be withheld.

(6] The information sought to be withheld from public disclosure is owned and has been held

in confidence by Westinghouse.

(ii) The information is of a type customarily held in confidence by Westinghouse and not
customarily disclosed to the public. Westinghouse has a rational basis for determining
the types of information customarily held in confidence by it and, in that connection,
utilizes a system to determine when and whether to hold certain types of information in
confidence. The application of that system and the substance of that system constitute

Westinghouse policy and provide the rational basis required.

Under that system, information is held in confidence if it falls in one or more of several
types, the release of which might result in the loss of an existing or potential competitive

advantage, as follows:

@ The information reveals the distinguishing aspects of a process (or component,

structure, tool, method, etc.) where prevention of its use by any of

WCAP-16996-NP-A November 2016
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3 AW-15-4146

Westinghouse's competitors without license from Westinghouse constitutes a

competitive economic advantage over other companies.

It consists of supporting data, including test data, relative to a process (or
component, structure, tool, method, etc.), the application of which data secures a
competitive economic advantage, e.g., by optimization or improved

marketability.
Its use by a competitor would reduce his expenditure of resources or improve his
competitive position in the design, manufacture, shipment, installation, assurance

of quality, or licensing a similar product.

It reveals cost or price information, production capacities, budget levels, or

commercial strategies of Westinghouse, its customers or suppliers.

It reveals aspects of past, present, or future Westinghouse or customer funded

development plans and programs of potential commercial value to Westinghouse.

It contains patentable ideas, for which patent protection may be desirable.

(iii) ~ There are sound policy reasons behind the Westinghouse system which include the

following:

(a)

)

©

WCAP-16996-NP-A

The use of such information by Westinghouse gives Westinghouse a competitive
advantage over its competitors. It is, therefore, withheld from disclosure to

protect the Westinghouse competitive position.

It is information that is marketable in many ways. The extent to which such
information is available to competitors diminishes the Westinghouse ability to

sell products and services involving the use of the information.

Use by our competitor would put Westinghouse at a competitive disadvantage by

reducing his expenditure of resources at our expense.

November 2016
Revision 1




4 AW-15-4146

(d) Each component of proprietary information pertinent to a particular competitive
advantage is potentially as valuable as the total competitive advantage. If
competitors acquire components of proprietary information, any one component
may be the key to the entire puzzle, thereby depriving Westinghouse of a

competitive advantage.

©) Unrestricted disclosure would jeopardize the position of prominence of
Westinghouse in the world market, and thereby give a market advantage to the

competition of those countries.

® The Westinghouse capacity to invest corporate assets in research and
development depends upon the success in obtaining and maintaining a

competitive advantage.

@iv) The information is being transmitted to the Commission in confidence and, under the
provisions of 10 CFR Section 2.390, it is to be received in confidence by the

Commission.

W) The information sought to be protected is not available in public sources or available
information has not been previously employed in the same original manner or method to

the best of our knowledge and belief.

(vi)  The proprietary information sought to be withheld in this submittal is that which is
appropriately marked in LTR-NRC-15-24 P-Attachment, “Westinghouse WCAP-16996-
P Volume I, Revision 1 and WCAP-16996-NP Volume I, Revision 1, ‘Realistic LOCA
Evaluation Methodology Applied to the Full Spectrum of Break Sizes (FULL
SPECTRUM LOCA Methodology) - WCOBRA/TRAC-TF2 Models and Correlations”
(Proprietary), for submittal to the Commission, being transmitted by Westinghouse letter,
LTR-NRC-15-24, and Application for Withholding Proprietary Information from Public
Disclosure, to the Document Control Desk. The proprietary information as submitted by
Westinghouse is that associated with Westinghouse’s request for NRC approval of

WCAP-16996-P, and may be used only for that purpose.
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5 AW-15-4146

(a) This information is part of that which will enable Westinghouse to:

) Obtain NRC approval of the FULL SPECTRUM LOCA Methodology
documented in WCAP-16996-P, “Realistic LOCA Evaluation
Methodology Applied to the Full Spectrum of Break Sizes (FULL
SPECTRUM LOCA Methodology).

) Further this information has substantial commercial value as follows:

(1) Westinghouse plans to sell the use of similar information to its customers
for the purpose of assisting customers in obtaining license changes for a

Westinghouse pressurized water reactor (PWR).

(ii) Westinghouse can sell support and defense of FULL SPECTRUM
LOCA Methodology documented in WCAP-16996-P, “Realistic LOCA
Evaluation Methodology Applied to the Full Spectrum of Break Sizes
(FULL SPECTRUM LOCA Methodology)”.

(iii)  The information requested to be withheld reveals the distinguishing

aspects of a methodology which was developed by Westinghouse.

Public disclosure of this proprietary information is likely to cause substantial harm to the
competitive position of Westinghouse because it would enhance the ability of
competitors to provide similar technical evaluation justifications and licensing defense
services for commercial power reactors without commensurate expenses. Also, public
disclosure of the information would enable others to use the information to meet NRC
requirements for licensing documentation without purchasing the right to use the

information.

The development of the technology described in part by the information is the result of
applying the results of many years of experience in an intensive Westinghouse effort and

the expenditure of a considerable sum of money.
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In order for competitors of Westinghouse to duplicate this information, similar technical
programs would have to be performed and a significant manpower effort, having the

requisite talent and experience, would have to be expended.

Further the deponent sayeth not.
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PROPRIETARY INFORMATION NOTICE

Transmitted herewith are proprietary and non-proprietary versions of documents furnished to the NRC for
approval of WCAP-16996-P, and may be used only for that purpose.

In order to conform to the requirements of 10 CFR 2.390 of the Commission's regulations concerning the
protection of proprietary information so submitted to the NRC, the information which is proprietary in the
proprietary versions is contained within brackets, and where the proprietary information has been deleted
in the non-proprietary versions, only the brackets remain (the information that was contained within the
brackets in the proprietary versions having been deleted). The justification for claiming the information
so designated as proprietary is indicated in both versions by means of lower case letters (a) through (f)
located as a superscript immediately following the brackets enclosing each item of information being
identified as proprietary or in the margin opposite such information. These lower case letters refer to the
types of information Westinghouse customarily holds in confidence identified in Sections (4)(ii)(a)
through (4)(ii)(f) of the Affidavit accompanying this transmittal pursuant to 10 CFR 2.390(b)(1).

COPYRIGHT NOTICE

The reports transmitted herewith each bear a Westinghouse copyright notice. The NRC is permitted to
make the number of copies of the information contained in these reports which are necessary for its
internal use in connection with generic and plant-specific reviews and approvals as well as the issuance,
denial, amendment, transfer, renewal, modification, suspension, revocation, or violation of a license,
permit, order, or regulation subject to the requirements of 10 CFR 2.390 regarding restrictions on public
disclosure to the extent such information has been identified as proprietary by Westinghouse, copyright
protection notwithstanding. With respect to the non-proprietary versions of these reports, the NRC is
permitted to make the number of copies beyond those necessary for its internal use which are necessary in
order to have one copy available for public viewing in the appropriate docket files in the public document
room in Washington, DC and in local public document rooms as may be required by NRC regulations if
the number of copies submitted is insufficient for this purpose. Copies made by the NRC must include
the copyright notice in all instances and the proprietary notice if the original was identified as proprietary.
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@ Westinghouse Heesinghouss Electrlc Company

Cranberry Township, Pennsylvania 16066

USA
U.S. Nuclear Regulatory Commission Direct tel: (412) 374-4643
Document Control Desk Direct fax:  (724) 940-8560
11555 Rockville Pike e-mail: greshaja@westinghouse.com

Rockville, MD 20852
LTR-NRC-15-54
June 29, 2015

Subject:  Submittal of WCAP-16996-P Volume II, Revision 1 and WCAP-16996-NP Volume II,
Revision 1, “Realistic LOCA Evaluation Methodology Applied to the Full Spectrum of Break
Sizes (FULL SPECTRUM LOCA Methodology),” (Proprietary/Non-Proprietary)

Enclosed are the proprietary and non-proprietary versions of WCAP-16996 Volume II, Revision 1,
“Realistic LOCA Evaluation Methodology Applied to the Full Spectrum of Break Sizes (FULL
SPECTRUM LOCA Methodology),” dated June 2015, submitted for review and approval under the
NRC’s licensing topical report program for referencing in licensing actions.

The updates from Revision 0 of the topical report are all tracked, with the exceptions noted below;
additions and deletions are marked with change bars, and text additions are shown in blue. In order to
improve readability and make the updates readily identifiable, the following types of updates were not
tracked:

e Any shifting of proprietary markings due to repagination
Equation numbering and consistency formatting (any changes to the equations are tracked)

¢ Reference consistency formatting and minor error correction (any additions or deletions
from the reference list are tracked)

Revision 1 of the topical report reflects all the updates to the FULL SPECTRUM LOCA™ (FSLOCAT™)
evaluation model which occurred as a result of the methodology licensing. Additionally, it is noted that
additional liquid velocity cases were included in the Northwestern perforated plate simulation plots
(Section 19) which were inadvertently omitted in Revision 0.

Also enclosed are:

1. An Application for Withholding Proprietary Information from Public Disclosure, AW-15-4214 (Non-
Proprietary) with Proprietary Information Notice and Copyright Notice

2. An Affidavit (Non-Proprietary).

This submittal contains proprietary information of Westinghouse Electric Company LLC. In
conformance with the requirements of 10 CFR Section 2.390, as amended, of the Commission’s
regulations, we are enclosing with this submittal an Application for Withholding Proprietary Information
from Public Disclosure and an Affidavit. The Affidavit sets forth the basis on which the information
identified as proprietary may be withheld from public disclosure by the Commission.

WCAP-16996-NP-A November 2016
Revision 1



LTR-NRC-15-54
Page 2 of 2

Correspondence with respect to the proprietary aspects of the Application for Withholding or the
Westinghouse Affidavit should reference AW-15-4214 and should be addressed to James A. Gresham,
Manager, Regulatory Compliance, Westinghouse Electric Company, 1000 Westinghouse Drive,
Building 3 Suite 310, Cranberry Township, Pennsylvania 16066.

James A. Gresham, Manager

Regulatory Compliance

Enclosures

cc: Ekaterina Lenning (NRC)
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LTR-NRC-15-54

bee:  James A. Gresham
Cheryl Robinson
Anne M. Stegman
Amy J. Colussy
Jeffrey R. Kobelak
Ryan S. Lenahan
Thomas Rodack
Marianne P. Rudakewiz

Internal Reference: LTR-FSLOCA-15-47
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@ Westinghouse e e

Cranberry Township, Pennsylvania 16066

USA
U.S. Nuclear Regulatory Commission Direct tel: (412) 374-4643
Document Control Desk Direct fax: (724) 940-8560
11555 Rockville Pike e-mail: greshaja@westinghouse.com
Rockville, MD 20852
AW-15-4214
June 29, 2015

APPLICATION FOR WITHHOLDING PROPRIETARY
INFORMATION FROM PUBLIC DISCL.OSURE

Subject: WCAP-16996-P Volume II, Revision 1, “Realistic LOCA Evaluation Methodology Applied
to the Full Spectrum of Break Sizes (FULL SPECTRUM LOCA Methodology)”
(Proprietary)

Reference: Letter from James A. Gresham to Document Control Desk, LTR-NRC-15-54, dated June 29,
2015

The Application for Withholding Proprietary Information from Public Disclosure is submitted by
Westinghouse Electric Company LLC (Westinghouse), pursuant to the provisions of paragraph (b)(1) of
Section 2.390 of the Commission’s regulations. It contains commercial strategic information proprietary
to Westinghouse and customarily held in confidence.

The proprietary information for which withholding is being requested is identified in the proprietary
version of the subject report. In conformance with 10 CFR Section 2.390, Affidavit AW-15-4214
accompanies this Application for Withholding Proprietary Information from Public Disclosure, setting
forth the basis on which the identified proprietary information may be withheld from public disclosure.

Accordingly, it is respectfully requested that the subject information which is proprietary to Westinghouse
be withheld from public disclosure in accordance with 10 CFR Section 2.390 of the Commission’s
regulations.

Correspondence with respect to the proprietary aspects of this Application for Withholding or the
accompanying Affidavit should reference AW-15-4214 and should be addressed to James A. Gresham,
Manager, Regulatory Compliance, Westinghouse Electric Company, 1000 Westinghouse Drive,
Building 3 Suite 310, Cranberry Township, Pennsylvania 16066.

YA _fe

James A. Gresham, Manager

Regulatory Compliance
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AW-15-4214
June 29, 2015

AFFIDAVIT

COMMONWEALTH OF PENNSYLVANIA:

SS

COUNTY OF BUTLER:

I, Henry A. Sepp, am authorized to execute this Affidavit on behalf of Westinghouse Electric
Company LLC (Westinghouse), and I declare under penalty of perjury that the foregoing is true and

correct.
4 (7 ﬁlm /
Henry A. S(epp, Director N
CRE-Systems and Components Engineering
WCAP-16996-NP-A November 2016

Revision 1



2 AW-15-4214

) I'am Director, CRE-Systems and Components Engineering, Westinghouse Electric Company
LLC (Westinghouse), and as such, I have been specifically delegated the function of reviewing
the proprietary information sought to be withheld from public disclosure in connection with
nuclear power plant licensing and rule making proceedings, and am authorized to apply for its

withholding on behalf of Westinghouse.

2) I am making this Affidavit in conformance with the provisions of 10 CFR Section 2.390 of the
Commission’s regulations and in conjunction with the Westinghouse Application for Withholding

Proprietary Information from Public Disclosure accompanying this Affidavit.

3) [ have personal knowledge of the criteria and procedures utilized by Westinghouse in designating

information as a trade secret, privileged or as confidential commercial or financial information.

4) Pursuant to the provisions of paragraph (b)(4) of Section 2.390 of the Commission’s regulations,
the following is furnished for consideration by the Commission in determining whether the

information sought to be withheld from public disclosure should be withheld.

)] The information sought to be withheld from public disclosure is owned and has been held

in confidence by Westinghouse.

(ii) The information is of a type customarily held in confidence by Westinghouse and not
customarily disclosed to the public. Westinghouse has a rational basis for determining
the types of information customarily held in confidence by it and, in that connection,
utilizes a system to determine when and whether to hold certain types of information in
confidence. The application of that system and the substance of that system constitute

Westinghouse policy and provide the rational basis required.

Under that system, information is held in confidence if it falls in one or more of several
types, the release of which might result in the loss of an existing or potential competitive

advantage, as follows:

(a) The information reveals the distinguishing aspects of a process (or component,

structure, tool, method, etc.) where prevention of its use by any of

WCAP-16996-NP-A November 2016
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3 AW-15-4214

Westinghouse’s competitors without license from Westinghouse constitutes a

competitive economic advantage over other companies.

It consists of supporting data, including test data, relative to a process (or
component, structure, tool, method, etc.), the application of which data secures a
competitive economic advantage, e.g., by optimization or improved

marketability.
Its use by a competitor would reduce his expenditure of resources or improve his
competitive position in the design, manufacture, shipment, installation, assurance

of quality, or licensing a similar product.

It reveals cost or price information, production capacities, budget levels, or

commercial strategies of Westinghouse, its customers or suppliers.

It reveals aspects of past, present, or future Westinghouse or customer funded

development plans and programs of potential commercial value to Westinghouse.

It contains patentable ideas, for which patent protection may be desirable.

(ii)  There are sound policy reasons behind the Westinghouse system which include the

following:

()

)

(c)

WCAP-16996-NP-A

The use of such information by Westinghouse gives Westinghouse a competitive
advantage over its competitors. It is, therefore, withheld from disclosure to

protect the Westinghouse competitive position.

It is information that is marketable in many ways. The extent to which such
information is available to competitors diminishes the Westinghouse ability to

sell products and services involving the use of the information.

Use by our competitor would put Westinghouse at a competitive disadvantage by

reducing his expenditure of resources at our expense.

November 2016
Revision 1



4 AW-15-4214

(d) Each component of proprietary information pertinent to a particular competitive
advantage is potentially as valuable as the total competitive advantage. If
competitors acquire components of proprietary information, any one component
may be the key to the entire puzzle, thereby depriving Westinghouse of a

competitive advantage.

(e) Unrestricted disclosure would jeopardize the position of prominence of
Westinghouse in the world market, and thereby give a market advantage to the

competition of those countries.

® The Westinghouse capacity to invest corporate assets in research and
development depends upon the success in obtaining and maintaining a

competitive advantage.

(iv)  The information is being transmitted to the Commission in confidence and, under the
provisions of 10 CFR Section 2.390, it is to be received in confidence by the

Commission.

v) The information sought to be protected is not available in public sources or available
information has not been previously employed in the same original manner or method to

the best of our knowledge and belief.

(vi) The proprietary information sought to be withheld in this submittal is that which is
appropriately marked in WCAP-16996-P Volume II, Revision 1, “Realistic LOCA
Evaluation Methodology Applied to the Full Spectrum of Break Sizes (FULL
SPECTRUM LOCA Methodology)” (Proprietary), dated June 2015, for submittal to the
Commission, being transmitted by Westinghouse letter, LTR-NRC-15-54, and
Application for Withholding Proprietary Information from Public Disclosure, to the
Document Control Desk. The proprietary information as submitted by Westinghouse is
that associated with Westinghouse’s request for NRC approval of WCAP-16996, and
may be used only for that purpose.

WCAP-16996-NP-A November 2016
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(a) This information is part of that which will enable Westinghouse to:

(i) Obtain NRC approval of WCAP-16996, “Realistic LOCA Evaluation
Methodology Applied to the Full Spectrum of Break Sizes (FULL
SPECTRUM LOCA Methodology)”.

)] Further this information has substantial commercial value as follows:

(i) Westinghouse plans to sell the use of similar information to its customers
for the purpose of assisting customers in obtaining license changes for a

Westinghouse pressurized water reactor (PWR).

(ii) Westinghouse can sell support and defense of industry guidelines and

acceptance criteria for plant-specific applications.

(i)  The information requested to be withheld reveals the distinguishing

aspects of a methodology which was developed by Westinghouse.

Public disclosure of this proprietary information is likely to cause substantial harm to the
competitive position of Westinghouse because it would enhance the ability of
competitors to provide similar technical evaluation justifications and licensing defense
services for commercial power reactors without commensurate expenses. Also, public
disclosure of the information would enable others to use the information to meet NRC
requirements for licensing documentation without purchasing the right to use the

information.

The development of the technology described in part by the information is the result of
applying the results of many years of experience in an intensive Westinghouse effort and

the expenditure of a considerable sum of money.

In order for competitors of Westinghouse to duplicate this information, similar technical
programs would have to be performed and a significant manpower effort, having the

requisite talent and experience, would have to be expended.

Further the deponent sayeth not.
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PROPRIETARY INFORMATION NOTICE

Transmitted herewith are proprietary and non-proprietary versions of documents furnished to the NRC in
connection with requests for generic and/or plant-specific review and approval.

In order to conform to the requirements of 10 CFR 2.390 of the Commission’s regulations concerning the
protection of proprietary information so submitted to the NRC, the information which is proprietary in the
proprietary versions is contained within brackets, and where the proprietary information has been deleted
in the non-proprietary versions, only the brackets remain (the information that was contained within the
brackets in the proprietary versions having been deleted). The justification for claiming the information
so designated as proprietary is indicated in both versions by means of lower case letters (a) through (f)
located as a superscript immediately following the brackets enclosing each item of information being
identified as proprietary or in the margin opposite such information. These lower case letters refer to the
types of information Westinghouse customarily holds in confidence identified in Sections (4)(ii)(a)
through (4)(ii)(f) of the Affidavit accompanying this transmittal pursuant to 10 CFR 2.390(b)(1).

COPYRIGHT NOTICE

The reports transmitted herewith each bear a Westinghouse copyright notice. The NRC is permitted to
make the number of copies of the information contained in these reports which are necessary for its
internal use in connection with generic and plant-specific reviews and approvals as well as the issuance,
denial, amendment, transfer, renewal, modification, suspension, revocation, or violation of a license,
permit, order, or regulation subject to the requirements of 10 CFR 2.390 regarding restrictions on public
disclosure to the extent such information has been identified as proprietary by Westinghouse, copyright
protection notwithstanding. With respect to the non-proprietary versions of these reports, the NRC is
permitted to make the number of copies beyond those necessary for its internal use which are necessary in
order to have one copy available for public viewing in the appropriate docket files in the public document
room in Washington, DC and in local public document rooms as may be required by NRC regulations if
the number of copies submitted is insufficient for this purpose. Copies made by the NRC must include
the copyright notice in all instances and the proprietary notice if the original was identified as proprietary.
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@ Westinghouse oo o

Cranberry Township, Pennsylvania 16066

USA
U.S. Nuclear Regulatory Commission Direct tel: (412) 374-4643
Document Control Desk Direct fax: (724) 940-8560
11555 Rockville Pike e-mail: greshaja@westinghouse.com
Rockyville, MD 20852
LTR-NRC-15-83

October 1, 2015

Subject: Submittal of WCAP-16996-P Volume III, Revision 1 and WCAP-16996-NP Volume III,
Revision 1, “Realistic LOCA Evaluation Methodology Applied to the Full Spectrum of Break
Sizes (FULL SPECTRUM LOCA Methodology)” (Proprietary/Non-Proprietary)

Enclosed are the proprietary and non-proprietary versions of WCAP-16996 Volume III, Revision 1,
“Realistic LOCA Evaluation Methodology Applied to the Full Spectrum of Break Sizes (FULL
SPECTRUM LOCA Methodology),” dated October 2015, submitted for review and approval under the
NRC’s licensing topical report program for referencing in licensing actions.

The updates from Revision 0 of the topical report are all tracked, with the exceptions noted below;
additions and deletions are marked with change bars, and text additions are shown in blue. In order to

improve readability and make the updates readily identifiable, the following types of updates were not
tracked:

e Any shifting of proprietary markings due to repagination.

e Any text which was moved, but not modified.

e Equation numbering and consistency formatting (any changes to the equations are
tracked).

e Reference consistency formatting and minor error correction (any additions or deletions
from the reference list are tracked).

Revision 1 of the topical report reflects all the updates to the FULL SPECTRUM LOCA™ (FSLOCA™)
evaluation model which occurred as a result of the methodology licensing. Additionally, the containment
discussion was clarified to reflect that the LOTIC2 code, not the COCO code, is used for ice condenser
containment designs. The LOTIC2 code version used within the FSLOCA evaluation model is the same
as for the approved ASTRUM evaluation model, except for the changes reported under “General Code
Maintenance” and “LOTIC2 Error Corrections” in LTR-NRC-12-37 (ML.12207A081), and under
“General Code Maintenance” in LTR-NRC-13-16 (ML13101A189).

Also enclosed are:

1. An Application for Withholding Proprietary Information from Public Disclosure, AW-15-4292 (Non-
Proprietary), with Proprietary Information Notice and Copyright Notice
2. An Affidavit (Non-Proprietary).

FULL SPECTRUM and FSLOCA are trademarks of Westinghouse Electric Company LLC, its subsidiaries and/or its affiliates in
the United States of America and may be registered throughout the world. All rights reserved. Unauthorized use is strictly
prohibited. Other names may be trademarks of their respective owners.
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LTR-NRC-15-83
Page 2 of 2

This submittal contains proprietary information of Westinghouse Electric Company LLC. In
conformance with the requirements of 10 CFR Section 2.390, as amended, of the Commission’s
regulations, we are enclosing with this submittal an Application for Withholding Proprietary Information
from Public Disclosure and an Affidavit. The Affidavit sets forth the basis on which the information
identified as proprietary may be withheld from public disclosure by the Commission.

Correspondence with respect to the proprietary aspects of the Application for Withholding or the
Westinghouse Affidavit should reference AW-15-4292 and should be addressed to James A. Gresham,
Manager, Regulatory Compliance, Westinghouse Electric Company, 1000 Westinghouse Drive,
Building 3 Suite 310, Cranberry Township, Pennsylvania 16066.

@MW

James A. Gresham, Manager

Regulatory Compliance

Enclosures

Cc: Ekaterina Lenning - NRC
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LTR-NRC-15-83

bee: James A. Gresham
Cheryl Robinson
Anne M. Stegman
Amy J. Colussy
Jeffrey R. Kobelak
Ryan S. Lenahan
Thomas Rodack
Marianne P. Rudakewiz

Internal Reference: LTR-FSLOCA-15-79, LTR-FSLOCA-15-81, LTR-FSLOCA-15-84 and LTR-
FSLOCA-15-85.
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Westinghouse Tooowenghoss s

Cranberry Township, Pennsylvania 16066

USA
U.S. Nuclear Regulatory Commission Direct tel: (412) 374-4643
Document Control Desk Direct fax: (724) 940-8560
11555 Rockville Pike e-mail: greshaja@westinghouse.com
Rockville, MD 20852
' AW-15-4292

October 1, 2015

APPLICATION FOR WITHHOLDING PROPRIETARY
INFORMATION FROM PUBLIC DISCLOSURE

Subject: WCAP-16996-P Volume III, Revision 1, “Realistic LOCA Evaluation Methodology Applied to
the Full Spectrum of Break Sizes (FULL SPECTRUM LOCA Methodology)” (Proprietary)

Reference: Letter from James A. Gresham to Document Control Desk, LTR-NRC-15-82, dated
October 1, 2015

The Application for Withholding Proprietary Information from Public Disclosure is submitted by
Westinghouse Electric Company LLC (Westinghouse), pursuant to the provisions of paragraph (b)(1) of
Section 2.390 of the Commission’s regulations. It contains commercial strategic information proprietary
to Westinghouse and customarily held in confidence.

The proprietary information for which withholding is being requested is identified in the proprietary
version of the subject report. In conformance with 10 CFR Section 2.390, Affidavit AW-15-4292
accompanies this Application for Withholding Proprietary Information from Public Disclosure, setting
forth the basis on which the identified proprietary information may be withheld from public disclosure.

Accordingly, it is respectfully requested that the subject information which is proprietary to Westinghouse
be withheld from public disclosure in accordance with 10 CFR Section 2.390 of the Commission’s
regulations.

Correspondence with respect to the proprietary aspects of the Application for Withholding or the
accompanying Affidavit should reference AW-15-4292 and should be addressed to James A. Gresham,
Manager, Regulatory Compliance, Westinghouse Electric Company, 1000 Westmghouse Drive,
Building 3 Suite 310, Cranberry Township, Pennsylvania 16066.

ikl

James A. Gresham, Manager

Regulatory Compliance
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AW-15-4292
_ October 1, 2015

AFFIDAVIT

COMMONWEALTH OF PENNSYLVANIA:

SSs

COUNTY OF BUTLER:

I, James A. Gresham, am authorized to execute this Affidavit on behalf of Westinghouse Electric
Company LLC (Westinghouse), and that the averments of fact set forth in this Affidavit are true and

correct to the best of my knowledge, information, and belief.

(e,

James A. Gresham, Manager

Regulatory Compliance
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2 AW-15-4292

I'am Manager, Regulatory Compliance, Westinghouse Electric Company LLC (Westinghouse),

and as such, I have been specifically delegated the function of reviewing the proprietary

information sought to be withheld from public disclosure in connection with nuclear power plant

licensing and rule making proceedings, and am authorized to apply for its withholding on behalf

of Westinghouse.

I am making this Affidavit in conformance with the provisions of 10 CFR Section 2.390 of the

Commission'’s regulations and in conjunction with the Westinghouse Application for Withholding

Proprietary Information from Public Disclosure accompanying this Affidavit.

I'have personal knowledge of the criteria and procedures utilized by Westinghouse in designating

information as a trade secret, privileged or as confidential commercial or financial information.

Pursuant to the provisions of paragraph (b)(4) of Section 2.390 of the Commission's regulations,

the following is furnished for consideration by the Commission in determining whether the

@

(ii)

~ information sought to be withheld from public disclosure should be withheld.

The information sought to be withheld from public disclosure is owned and has been held

in confidence by Westinghouse.

The information is of a type customarily held in confidence by Westinghouse and not
customarily disclosed to the public. Westinghouse has a rational basis for determining
the types of information customarily held in confidence by it and, in that connection,
utilizes a system to determine when and whether to hold certain types of information in
confidence. The application of that system and the substance of that system constitute

Westinghouse policy and provide the rational basis required.

Under that system, information is held in confidence if it falls in one or more of several
types, the release of which might result in the loss of an existing or potential competitive

advantage, as follows:

(a) The information reveals the distinguishing aspects of a process (or component,

structure, tool, method, etc.) where prevention of its use by any of
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(b)
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(d)

©

®

3 AW-15-4292

Westinghouse's competitors without license from Westinghouse constitutes a

competitive economic advantage over other companies.

It consists of supporting data, including test data, relative to a process (or
component, structure, tool, method, etc.), the application of which data secures a
competitive economic advantage, e.g., by optimization or improved

marketability.
Its use by a competitor would reduce his expenditure of resources or improve his
competitive position in the design, manufacture, shipment, installation, assurance

of quality, or licensing a similar product.

It reveals cost or price information, production capacities, budget levels, or

commercial strategies of Westinghouse, its customers or suppliers.

It reveals aspects of past, present, or future Westinghouse or customer funded

development plans and programs of potential commercial value to Westinghouse.

It contains patentable ideas, for which patent protection may be desirable.

(iii)  There are sound policy reasons behind the Westinghouse system which include the

following:

(@)

(b)

©

WCAP-16996-NP-A

The use of such information by Westinghouse gives Westinghouse a competitive
advantage over its competitors. It is, therefore, withheld from disclosure to

protect the Westinghouse competitive position.

It is information that is marketable in many ways. The extent to which such
information is available to competitors diminishes the Westinghouse ability to

sell products and services involving the use of the information.

Use by our competitor would put Westinghouse at a competitive disadvantage by

reducing his expenditure of resources at our expense.
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4 AW-15-4292

(d Each component of proprietary informétion pertinent to a particular competitive
advantage is potentially as valuable as the total competitive advantage. If
competitors acquire components of proprietary information, any one component
may be the key to the entire puzzle, thereby depriving Westinghouse of a

competitive advantage.

Q) Unrestricted disclosure would jeopardize the position of prominence of
Westinghouse in the world market, and thereby give a market advantage to the

competition of those countries.

9] The Westinghouse capacity to invest corporate assets in research and
development depends upon the success in obtaining and maintaining a

competitive advantage.

(iv)  The information is being transmitted to the Commission in confidence and, under the
provisions of 10 CFR Section 2.390, it is to be received in confidence by the

Commission.

W) The information sought to be protected is not available in public sources or available
information has not been previously employed in the same original manner or method to

the best of our knowledge and belief.

(vi)  The proprietary information sought to be withheld in this submittal is that which is
appropriately marked in WCAP-16996-P Volume III, Revision 1, “Realistic LOCA
Evaluation Methodology Applied to the Full Spectrum of Break Sizes (FULL
SPECTRUM LOCA Methodology)” (Proprietary), dated October 2015, for submittal to
the Commission, being transmitted by Westinghouse Letter LTR-NRC-15-83 and
Application for Withholding Proprietary Information from Public Disclosure, to the
Document Control Desk. The proprietary information as submitted by Westinghouse is
that associated with Westinghouse’s request for NRC approval of WCAP-16996-P and
may be used only for that purpose.
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5 AW-15-4292

€)) This information is part of that which will enable Westinghouse to:

) Obtain NRC approval of the FULL SPECTRUM LOCA Methodology
documented in WCAP-16996-P, “Realistic LOCA Evaluation
Methodology Applied to the Full Spectrum of Break Sizes (FULL
SPECTRUM LOCA Methodology).

(b) Further this information has substantial commercial value as follows:

) Westinghouse plans to sell the use of similar information to its customers
for the purpose of assisting customers in obtaining license changes for a

Westinghouse pressurized water reactor (PWR).

(ii) Westinghouse can sell support and defense of industry guidelines and

acceptance criteria for plant-specific applications.

(1)  The information requested to be withheld reveals the distinguishing

aspects of a methodology which was developed by Westinghouse.

Public disclosure of this proprietary information is likely to cause substantial harm to the
competitive position of Westinghouse because it would enhance the ability of
competitors to provide similar technical evaluation justifications and licensing defense
services for commercial power reactors without commensurate expenses. Also, public
disclosure of the information would enable others to use the information to meet NRC
requirements for licensing documentation without purchasing the right to use the

information.

The development of the technology described in part by the information is the result of
applying the results of many years of experience in an intensive Westinghouse effort and

the expenditure of a considerable sum of money.

In order for competitors of Westinghouse to duplicate this information, similar technical
programs would have to be performed and a significant manpower effort, having the

requisite talent and experience, would have to be expended.

WCAP-16996-NP-A November 2016

Revision 1




6 AW-15-4292

Further the deponent sayeth not.
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PROPRIETARY INFORMATION NOTICE

Transmitted herewith are proprietary and non-proprietary versions of documents furnished to the NRC in
connection with requests for generic and/or plant-specific review and approval.

In order to conform to the requirements of 10 CFR 2.390 of the Commission's regulations concerning the
protection of proprietary information so submitted to the NRC, the information which is proprietary in the
proprietary versions is contained within brackets, and where the proprietary information has been deleted
in the non-proprietary versions, only the brackets remain (the information that was contained within the
brackets in the proprietary versions having been deleted). The justification for claiming the information
so designated as proprietary is indicated in both versions by means of lower case letters (a) through (f)
located as a superscript immediately following the brackets enclosing each item of information being
identified as proprietary or in the margin opposite such information. These lower case letters refer to the
types of information Westinghouse customarily holds in confidence identified in Sections (4)(ii)(a)
through (4)(ii)(f) of the Affidavit accompanying this transmittal pursuant to 10 CFR 2.390(b)(1).

COPYRIGHT NOTICE

The reports transmitted herewith each bear a Westinghouse copyright notice. The NRC is permitted to
make the number of copies of the information contained in these reports which are necessary for its
internal use in connection with generic and plant-specific reviews and approvals as well as the issuance,
denial, amendment, transfer, renewal, modification, suspension, revocation, or violation of a license,
permit, order, or regulation subject to the requirements of 10 CFR 2.390 regarding restrictions on public
disclosure to the extent such information has been identified as proprietary by Westinghouse, copyright
protection notwithstanding. With respect to the non-proprietary versions of these reports, the NRC is
permitted to make the number of copies beyond those necessary for its internal use which are necessary in
order to have one copy available for public viewing in the appropriate docket files in the public document
room in Washington, DC and in local public document rooms as may be required by NRC regulations if
the number of copies submitted is insufficient for this purpose. Copies made by the NRC must include
the copyright notice in all instances and the proprietary notice if the original was identified as proprietary.
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A REQUESTS FOR ADDITIONAL INFORMATION AND RESPONSES

This section contains all the documents which transmitted the requests for additional information (RAIs)
and associated responses on the FULL SPECTRUM™ LOCA (FSLOCA™) evaluation model (EM).
The transmittal documents are listed in the included order below, along with the RAIs which were
contained in each document.

LTR-NRC-13-37: 1-8, 10-11, 13-19

LTR-NRC-13-45:9, 12

LTR-NRC-13-33: 20-29

LTR-NRC-13-31: 30-35

LTR-NRC-14-17: 36-39

LTR-NRC-13-32: 40-44

LTR-NRC-13-40: 45

LTR-NRC-13-73: 46-58, 75, 77 (note that two separate RAI-77s were received)

LTR-NRC-13-75: 59-71

LTR-NRC-13-41: 72-74, 76

LTR-NRC-14-12: 77-82, 86-87, 93, 112

LTR-NRC-14-19: 83-85, 88-92, 94-95, 113-119

LTR-NRC-14-21: 96-105, 107

LTR-NRC-14-33: 108, 120-121

LTR-NRC-14-70: 109-111

LTR-NRC-14-9: 122-126, 128-131, 136

LTR-NRC-14-4: 127, 132-135, 137-139

A summary of the transmittal letters and subject for all of the RAI responses is contained in Table A1.
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Table A1
Transmittal
RAI # Document Subject
1 LTR-NRC-13-37 WCOBRA/TRAC MOD7A Revision 7
2 LTR-NRC-13-37 TRAC-PF1/MOD2
3 LTR-NRC-13-37 LBLOCA and SBLOCA PIRTs
4 LTR-NRC-13-37 End of Blowdown
5 LTR-NRC-13-37 Gap Conductance
6 LTR-NRC-13-37 Pressurizer Response
7 LTR-NRC-13-37 Long-Term Cooling and PIRT
8 LTR-NRC-13-37 SBLOCA Boundary and Region I to Region Il Boundary
9 LTR-NRC-13-45 Worst SBLOCA
10 LTR-NRC-13-37 Loss-of-Offsite Power versus Reactor Coolant Pumps Operating
11 LTR-NRC-13-37 Loop Seal Behavior
12 LTR-NRC-13-45 Worst Break Sampling
13 LTR-NRC-13-37 Decay Heat Multiplier / Sampling
14 LTR-NRC-13-37 Number of SBLOCA Cases Sampled
15 LTR-NRC-13-37 SBLOCA Upper Limit Break Size
16 LTR-NRC-13-37 Long-Term Cooling Restriction
17 LTR-NRC-13-37 Swelled or Two-Phase Mixture Level versus Collapsed Level
18 LTR-NRC-13-37 High Pressure Safety Injection Curve Basis and Uncertainty
19 LTR-NRC-13-37 SBLOCA Axial Power Shape
20 LTR-NRC-13-33 | Uranium and Plutonium Decay Heat Uncertainty Fits to ANS 5.1-1979
Uranium and Plutonium Decay Heat and Uncertainty Comparison to
21 | LTR-NRC-13-33 NS 5 1107 v -omp
” LTR-NRC-13-33 Uranium and Plutonium Decay Heat Uncertainty Comparison to ANS
5.1-1979
23 LTR-NRC-13-33 Burnup Limit in Assessing Kinetics Parameters
24 LTR-NRC-13-33 Editorial Comments
25 LTR-NRC-13-33 Codes Utilized for Decay Heat Calculations
26 LTR-NRC-13-33 Actinides Decay Heat Power
27 LTR-NRC-13-33 Decay Heat in Demonstration Plant Analyses
28 LTR-NRC-13-33 Decay Heat Uncertainty Distribution
29 LTR-NRC-13-33 Decay Heat Sampling Approach
30 LTR-NRC-13-31 Scaling of Westinghouse Vertical COSI Test Facility and Tests
31 LTR-NRC-13-31 Westinghouse Vertical COSI Downcomer Condensation
32 LTR-NRC-13-31 Westinghouse Vertical Condensation on Safety Injection Heat Loss
13 [TR-NRC-13-31 Westinghouse Vertical C(')ndensat%on on Safety ij ection Data and
Condensation Outside the Jet Region
34 LTR-NRC-13-31 Westinghouse Vertical C((;Illl;llei?isig)glnon Safety Injection Data
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Table A1 (cont’d)

Transmittal
RAI # Document Subject

35 LTR-NRC-13-31 Scale Impact on Cold Leg Condensation

36 LTR-NRC-14-17 Fuel Thermal Conductivity Model

37 LTR-NRC-14-17 Burnup Impact on Fuel Thermal Conductivity and Initial Stored
Energy

38 LTR-NRC-14-17 Treatment of Fuel Burnup Dependent Parameters

39 LTR-NRC-14-17 Fuel Burnup Sampling

40 LTR-NRC-13-32 Fuel Burnup Limit in FSLOCA Methodology

41 LTR-NRC-13-32 Nuclear Fuel Rod Special Model Changes

42 LTR-NRC-13-32 Nuclear Fuel Rod Special Model Validation

43 LTR-NRC-13-32 [ 1 Component Models

44 LTR-NRC-13-32 Fuel Rod Material Properties

45 LTR-NRC-13-40 Validity of Wilks Theorem

46 LTR-NRC-13-73 Containment Pressure Analysis Code COCO Component

47 LTR-NRC-13-73 TRAC-PF1 One-Dimensional Component Models

48 LTR-NRC-13-73 Steam Generator Modeling

49 LTR-NRC-13-73 T-Junction Component

50 LTR-NRC-13-73 Component Multipliers

51 LTR-NRC-13-73 Fluid Properties for Nusselt Number in Dispersed Droplet Flow

52 LTR-NRC-13-73 | Nusselt Number Correlation Applicability for Dispersed Droplet Flow

53 LTR-NRC-13-73 Interfacial Heat Transfer in Inverted Annular and Liquid Slug Flows

54 LTR-NRC-13-73 Interfacial Heat Transfer to Droplet / Bubble

55 [TR-NRC-13-73 Droplet Diameter for Interfacial Heat Transfer in Dispersed Droplet

Flow

56 [ TR-NRC-13-73 Droplet-Wall Direct Contact Hea.t Transfer in Dispersed Flow Film
Boiling

57 LTR-NRC-13-73 Large Break LOCA Heat Transfer Package in WCOBRA/TRAC-TF2

58 LTR-NRC-13-73 Flow Regime Map Selection Criterion for Vessel Component

59 [TR-NRC-13-75 WCOBRA/TRAC-TF2 Flow Maps for Vessel and One-Dimensional

Components
60 LTR-NRC-13-75 PWR Core Two-Phase Mixture' Le‘V61 and Sensitivity to Axial
Nodalization
61 [TR-NRC-13-75 ORNL THTF Mixture Level Pr'ec.lic.tions and Axial Nodalization
Sensitivity

62 LTR-NRC-13-75 ORNL THTF WCOBRA/TRAC-TF2 Detailed Prediction Results

63 LTR-NRC-13-75 Interfacial Drag Correlations in WCOBRA/TRAC-TF2

64 LTR-NRC-13-75 Interfacial Area in Inverted Slug Flow

65 LTR-NRC-13-75 Interfacial Drag for Inverted Slug Flow

66 LTR-NRC-13-75 Annular Film Flow Interfacial Drag
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Table A1 (cont’d)

Transmittal
RAI # Document Subject
67 LTR-NRC-13-75 Bubbly Flow Interfacial Drag Ramping to Hot Wall Inverted Annular
Drag
68 LTR-NRC-13-75 Approach to Interfacial Drag Rampipg Between Cold Wall and Hot
Wall Regimes
69 LTR-NRC-13-75 Calculation Results for Bubbly Flow Interfacial Drag
70 LTR-NRC-13-75 Film Flow Drag Assessment Using THTF Test Data
71 LTR-NRC-13-75 Film Drag Impact on Bubbly Flow Void Predictions for THTF Tests
72 LTR-NRC-13-41 Bubbly Flow Drag Assessment Using THTF Test Data
73 LTR-NRC-13-41 Bubbly Flow Drag Assessment Using G-1 and G-2 Test Data
74 LTR-NRC-13-41 Interfacial Drag Sampling Approach
75 LTR-NRC-13-73 | Interfacial Drag Sampling Impact on ROSA-IV LSTF Test Predictions
76 LTR-NRC-13-41 WCOBRA/TRAC-TF?2 Interfacial Drag Assessment
77" LTR-NRC-13-73 Summary of Uncertainty Parameters
77" LTR-NRC-14-12 Loop Seal Clearance in LSTF Test SB-CL-18
78 LTR-NRC-14-12 Loop Seal Clearance in LSTF Tests SB-CL-14 and SB-CL-18
79 LTR-NRC-14-12 WCOBRA/TRAC-TF2 Assessment for LSTF Test SB-CL-14
80 LTR-NRC-14-12 LSTF Test SB-CL-14 Data Qualification
31 LTR-NRC-14-12 ROSA-IV LSTF WCOBRA/TRAC-TFZ Assessment Results
Presentation
22 LTR-NRC-14-12 Break Equivalent Diameter in LSTF Tests SB-CL-01, SB-CL-02, and
SB-CL-03
83 LTR-NRC-14-19 Stratified Flow Multiplier HS SLUG
84 LTR-NRC-14-19 Stratified Flow Multiplier HS SLUG Application
85 LTR-NRC-14-19 Stratified Flow and Inclination Limitation
86 LTR-NRC-14-12 MSTRTX, STRTX, STRTX1, and STRTX2 Multipliers
87 LTR-NRC-14-12 WCOBRA/TRAC-TF2 Non-Sampled Modeling Multipliers
88 LTR-NRC-14-19 LSTF Loop Seal Nodalization
89 LTR-NRC-14-19 Modeling of LSTF Loop Seal Horizontal Section and Bend Regions
90 LTR-NRC-14-19 | WCOBRA/TRAC-TF2 Features Applied in LSTF Loop Seal Modeling
91 LTR-NRC-14-19 V. C. Summer and Beaver Valley Unit 1 Loop Seal Models
92 LTR-NRC-14-19 PWR Loop Seal Horizontal Section and Bends Modeling
93 LTR-NRC-14-12 Editorial Findings
94 LTR-NRC-14-19 Interpolation for Stratified Flow and Cys spyg Parameter
95 LTR-NRC-14-19 Interpolation for Stratified Flow and Cgrrry Parameter
96 LTR-NRC-14-21 PWR Upper Head Spray Nozzle Bypass Design Data
97 LTR-NRC-14-21 PWR Upper Head Spray Nozzle Bypass Flow Tune-Up

1. Two separate RAI-77s were received.
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Table A1 (cont’d)

Transmittal
RAI # Document Subject
98 LTR-NRC-14-21 PWR Upper Head Temperature Tune-Up
99 LTR-NRC-14-21 PWR Upper Head Spray Nozzle Bypass in WCOBRA/TRAC-TF2
Pilot Plant Models
100 LTR-NRC-14-21 Upper Head Spray Nozzle Bypass in LSTF Tests
101 LTR-NRC-14-21 Upper Head Spray Nozzle Bypass in LSTF WCOBRA/TRAC-TF2
Model
102 LTR-NRC-14-21 LSTF Upper Head Spray Nozzle Bypass Relevance to PWR
103 LTR-NRC-14-21 Pressure Vessel Internal Leaks in LSTF Tests
104 [TR-NRC-14-21 Hot Leg-to-Downcomer Bypass Modeling in LSTF and PWR LOCA
Analyses
105 LTR-NRC-14-21 Representation of LSTF Bypassgs in ECOBRA/TRAC-TFZ LSTF
Test Simulations
106 No RAI 106 was received
107 LTR-NRC-14-21 PWR Hot Leg Bypass in WCOBRA/TRAC-TF2 Plant Simulations
108 LTR-NRC-14-33 WCOBRA/TRAC-TF2 Assessmegt Using Counter-Current Flow Data
by Costigan et al.
109 LTR-NRC-14-70 Semiscale Test S-LH-1 Assessment of WCOBRA/TRAC-TF2
110 LTR-NRC-14-70 Semiscale Test S-LH-2 Assessment of WCOBRA/TRAC-TF2
11 LTR-NRC-14-70 Sensitivity of WCOBRA/TRAC-TF2 Se.mlécale Predictions to Steam
Generator Nodalization
112 LTR-NRC-14-12 Sensitivity of WCOBRA/TRAC-TF2 SBLQCA Predictions to Steam
Generator Nodalization
113 LTR-NRC-14-19 WCOBRA/TRAC-TF2 UPTF Loop Seal Nodalization
114 LTR-NRC-14-19 UPTF TRAM Loop Seal Instrumentation and WCOBRA/TRAC-TF2
UPTF Model
15 LTR-NRC-14-19 WCOBRA/TRAC-TF2 Sampled Paramet.ers and Special Options in
Loop Seal Modeling
116 LTR-NRC-14-19 UPTF TRAM Loop Seal Clearance Data and WCOBRA/TRAC-TF2
Assessment
117 [ TR-NRC-14-19 WCOBRA/TRAC-TF2 UPTF Loop Seal Nodalization Sensitivity
Study
118 LTR-NRC-14-19 WCOBRA/TRAC-TF2 UPTF Loop Seal Modeling Options Sensitivity
Study
119 LTR-NRC-14-19 WCOBRA/TRAC-TF2 UPTF Loop Seal Time Step Limit Sensitivity
Study
120 LTR-NRC-14-33 IVO Loop Seal Clearance Data and WCOBRA/TRAC-TF2
Assessment
121 LTR-NRC-14-33 ECTHOR Loop Seal Clearance Data and WCOBRA/TRAC-TF2
Assessment
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Table A1 (cont’d)

Transmittal
RAI # Document Subject

Upper Bound Approach to Reactor Coolant Pump Trip Time During a

122 LTR-NRC-14-9 LOCA with Offsite Power Available
Factors Affecting Reactor Coolant Pump Trip Time for LOCA
123 LTR-NRC-14-9 Analyses with Offsite Power Available
124 LTR-NRC-14-9 Reactor Coolant Pump Trip Time for SBLOCA Analyses with Offsite
Power Available
125 LTR-NRC-14-9 Reactor Coolant Pump Trip Time for .LBLOCA Analyses with Offsite
Power Available
Delay in Operator Action to Trip Reactor Coolant Pumps During
126 LTR-NRC-14-9 SBLOCAS
127 LTR-NRC-14-4 Single Failure Assumption in LOCAs
128 LTR-NRC-14-9 Prolonged Reactor Coolant Pump Operation During SBLOCAS
129 LTR-NRC-14-9 Early Reactor Coolant Pump Trip During SBLOCAs
130 LTR-NRC-14-9 Break Location Impact in Previous SBLOCA Analyses
Break Location Impact in SBLOCA Analyses Using

b LTR-NRC-14-9 WCOBRA/TRAC-TF2
132 LTR-NRC-14-4 Steam Generator Decay Heat Removal During SBLOCAs
133 LTR-NRC-14-4 Steam Generator Heat Transfer Modeling
134 LTR-NRC-14-4 Steam Generator Tube Plugging Levels

Steam Generator Tube Plugging Impact on Core Flow Stagnation for
135 LTR-NRC-14-4 LBLOCAS

Reactor Coolant Pump Trip Impact on Core Initial Thermal-Hydraulic
136 LTR-NRC-14-9

Response for LBLOCAs

Steam Generator Tube Plugging Impact on Steam Generator Reversed
137 LTR-NRC-14-4 Heat Transfer for LBLOCAs
138 LTR-NRC-14-4 Safety Injection Pump Flow During LOCAs
139 LTR-NRC-14-4 | Asymmetrical Predictions in Modeling of Parallel Flow Configurations
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Question 1: WCOBRA/TRAC MOD7A Revision 7

Coding, scaling, applicability and uncertainty (CSAU) methodology Step 4 emphasizes the identification
and use of a frozen version of a mature code and Step 5 requires proper documentation consistent with the
frozen code, which is used to determine the code maturity and applicability. Westinghouse’s current
methodology WCAP-16009-P-A “Realistic Large-Break LOCA Evaluation Methodology Using the
Automated Statistical Treatment of Uncertainty Method (ASTRUM)” (2005) is based on the frozen code
version WCOBRA/TRAC MOD7A Revision 6. Applicant’s previously approved best-estimate Large-
break (LBLOCA) methodology was approved based on the frozen code version WCOBRA/TRAC
MOD7A Revision 1. It is described in WCAP-12945-P-A “Code Qualification Document for Best
Estimate LOCA Analysis” (1998) for Westinghouse designed 3- and 4-loop plants with emergency core
cooling system (ECCS) injection into the cold legs and in WCAP-14449-P-A “Application of Best
Estimate Large Break LOCA Methodology to Westinghouse pressurized water reactors (PWRs) with
Upper Plenum Injection” (1999) for Westinghouse designed 2-loop plants with upper plenum injection.
WCAP-16009-P-A Appendix B, “Validation of WCOBRA/TRAC MOD7A Revision 6,” describes the
differences between these two frozen versions and includes the evaluations performed to ensure that the
prior code assessments against experimental data remained valid.

WCAP-16996-P/WCAP-16996-NP, Volumes 1, 11, and III, Revision 0, Section 1.2.7, “EMDAP Element
3 (Steps 10, 11 and 12): Develop Evaluation Model,” states that the development of WCOBRA/TRAC-
TF2 started from WCOBRA/TRAC MOD7A Revision 7. The section explains that this revision was
released to reflect error corrections and minor improvements, including such related to additional features
for special applications. It also clarifies that these changes were reported under the Section 50.46 of Title
10 of the Code of Federal Regulations (CFR) reporting requirements process. Please provide a list of the
changes made in WCOBRA/TRAC MOD7A Revision 7 from the last approved version and identify those
that are germane to WCOBRA/TRAC-TF2. In addition, describe the resolution of the changes in this
category and provide specific references documenting their approval by the U.S. Nuclear Regulatory
Commission (NRC).

Response:

The last approved version of WCOBRA/TRAC for best estimate LOCA (BELOCA) analysis was
WCOBRA/TRAC M7ARG6, approved as part of the ASTRUM evaluation model (Reference [1]).
Changes between WCOBRA/TRAC M7AR6 and M7AR7 which were applicable to NRC-approved
Westinghouse BELOCA methodologies were reported to the NRC as:

GENERAL CODE MAINTENANCE in LTR-NRC-06-8 [3]
GENERAL CODE MAINTENANCE in LTR-NRC-07-51 [4]

The changes associated with this general code maintenance are listed (changes germane to
WCOBRA/TRAC-TF?2 as part of the FULL SPECTRUM LOCA™ (FSLOCA™) methodology are in
bold):

Improved input diagnostics for boundary condition inputs, channel input, and gap input
Automated calculation and printout of peak linear heat rate and hot rod integral power
Increase dimensions for the code

Include library routines as part of Unix operating system updates

Print pellet radial power in the HOTSPOT input file generated by WCOBRA/TRAC

FULL SPECTRUM™ and FSLOCA™ are trademarks of Westinghouse Electric Company LLC, its affiliates and/or its subsidiaries in
the United States of America and may be registered in other countries throughout the world. All rights reserved. Unauthorized use is
strictly prohibited. Other names may be trademarks of their respective owners.
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These changes are considered discretionary changes in accordance with Section 4.1.1 of WCAP-13451
[5].

Also, in WCOBRA/TRAC M7AR7, additional options for modeling of UO, fuel pellet thermal
conductivity were implemented. These options were implemented for special applications of the
ASTRUM methodology outside of the United States (U.S.). These options do not impact U.S.
applications of approved Westinghouse BELOCA methodologies and therefore were not reported to the
NRC. (It is noted that procedures are in place to preclude the use of these options for U.S. applications.)
WCAP-16996-P [2] Section 11.4.1 describes UO, thermal conductivity model options in the as-submitted
FSLOCA methodology.

References

1) WCAP-16009-P-A Revision 0, “Realistic Large Break LOCA Evaluation Methodology Using the
Automated Statistical Treatment of Uncertainty Method (ASTRUM),” January 2005.

2) WCAP-16996-P Revision 0, “Realistic LOCA Evaluation Methodology Applied to the Full
Spectrum of Break Sizes (FULL SPECTRUM LOCA Methodology),” November 2010.

3) LTR-NRC-06-8 Revision 0, Letter from B. M. Maurer (WEC) to J. S. Wermiel (NRC), “10 CFR
50.46 Annual Notification and Reporting for 2005,” March 16, 2006.

4) LTR-NRC-07-51 Revision 0, Letter from B. M. Maurer (WEC) to J. S. Wermiel (NRC), “10 CFR
50.46 Annual Notification and Reporting for 2006,” May 15, 2007.

5) WCAP-13451 Revision 0, “Westinghouse Methodology for Implementation of 10 CFR 50.46
Reporting,” October 1992.
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Question 2: TRAC-PF1/MOD2

WCAP-16996-P/WCAP-16996-NP, Volumes I, 11, and III, Revision 0, Section 2.5, “WCOBRA/TRAC-
TF2 Development Strategy,” explains that the full spectrum LOCA (FSLOCA) code architecture was
developed by inserting the WCOBRA/TRAC 3D Module based on COBRA-TF into the TRAC-
PF1/MOD2 code while deactivating the 3D component in TRAC-PF1/MOD2. WCAP-16996-P/WCAP-
16996-NP, Volumes I, II, and III, Revision 0, Section 2.4, “Requirement Analysis/Assessment for
WCOBRA/TRAC-TF2 Models,” asserts that the 1D six-equation two fluid formulation of TRAC-
PF1/MOD?2 extended to the loops provides adequate formulation for both stratified flow simulation,
required for SBLOCA, and limiting the mass error during slow draining transients in comparison to the
1D five-equation drift-flux formulation of WCOBRA/TRAC (based on TRAC-PD2). Additionally,
TRAC-PF1/MOD?2 featured a non-condensable transport model.

WCAP-16996-P/WCAP-16996-NP, Volumes I, 11, and III, Revision 0, Section 2.4 refers to “Open
Literature, Theory Manual [1], and Assessment Report [2]” when discussing TRAC-PF1 expected
capabilities (see WCAP-16996-P/WCAP-16996-NP, Volumes I, II, and III, Revision 0, Volume 1 page
2-44). Explain what “Open Literature, Theory Manual [1], and Assessment Report [2]” stand for in
Section 2.4. Please identify the frozen code version of TRAC-PF1/MOD?2 that was used in the
development of WCOBRA/TRAC-TF2 and provide a complete set of references that document this code
version. In addition, explain why this code version was considered to be mature for the purpose of
WCOBRA/TRAC-TF2 development and describe the technical basis that was considered and evaluated in
reaching this conclusion.

Response:

Question 2 has been split into three parts (a, b, ¢) based on the second paragraph of Question 2, and each
part is reiterated and responded to below.

a. Explain what “Open Literature, Theory Manual [1], and Assessment Report [2]” stand for in
Section 2.4.

As noted, the Section 2.4 fourth paragraph initial sentence and fragment are poorly formed with
unidentifiable references as follows:

Open Literature, Theory Manual [1], and Assessment Report [2] were surveyed for expected
capabilities of TRAC-PF1 relative to the requirements listed in Section 2.3. The assessment
report ...

This sentence and fragment should be replaced with the following:

The TRAC-M Theory Manual (Spore, et al., 2000) and TRAC-M Assessment Manual (Boyack,
et al., 2001) were surveyed for expected capabilities relative to the requirements listed in Section
2.3. The assessment manual ...

The following two references should be added to those in Section 2.7:

Spore, J. W, et al., 2000, "TRAC-M/Fortran 90 (Version 3.0) Theory Manual," LA-UR-00-910.
Boyack, B. E., et al., 2001, "TRAC-M/F77, Version 5.5, Developmental Assessment Manual,
Volume 1: Assessments," and "Volume 2: Appendices," LA-UR-01-2105.
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b. Please identify the frozen code version of TRAC-PF1/MOD?2 that was used in the development of
WCOBRA/TRAC-TF?2 and provide a complete set of references that document this code version.

TRAC-P Version 5.4.28 for HP is the frozen version transmitted to Westinghouse by the USNRC via
Information Systems Laboratories with letter:

ISL-TRAC-04-002 Transmittal of TRAC-P Version 5.4.28 (9/2004)

The following are the references identified as documentation of the frozen version:

LA-UR-99-2312 Steinke, R. G., et al., 1999, "TRAC-M/Fortran 77, Version 5.5,
Programmer's Guide"

LA-UR-00-803 Adams, B. T., et al., 2000, "TRAC-M/Fortran 90 (Version 3.0)
Programmer's Manual"

LA-UR-00-834 Steinke, R. G, et al., 2000, "TRAC-M/Fortran 90 (Version 3.0) User's
Manual"

LA-UR-00-910 Spore, J. W., et al., 2000, "TRAC-M/Fortran 90 (Version 3.0) Theory
Manual"

LA-UR-01-2105(1) Boyack, B. E., et al., 2001, "TRAC-M/F77, Version 5.5, Developmental
Assessment Manual, Volume 1: Assessments"

LA-UR-01-2105(2) Boyack, B. E., et al., 2001, "TRAC-M/F77, Version 5.5, Developmental
Assessment Manual, Volume 2: Appendices"

LA-UR-01-921 Dearing, J. F., et al., 1998, "XTV User's Guide, Release 2.3¢"

c. In addition, explain why this code version was considered to be mature for the purpose of
WCOBRA/TRAC-TF?2 development and describe the technical basis that was considered and
evaluated in reaching this conclusion.

The TRAC-PF1/MOD?2 code version (TRAC-P) was considered to be mature for the purpose of
WCOBRA/TRAC-TF2 development because it was the final TRAC code version available in a format
compatible with the Fortran 77 structure of the WCOBRA/TRAC code (WC/T) in use at Westinghouse
for predicting the response of a pressurized water reactor (PWR) to a loss of coolant accident (LOCA),
and it provided additional capabilities not present in WC/T, based on the TRAC-M Theory Manual
(Spore, et al., 2000) and TRAC-M Assessment Manual (Boyack, et al., 2001).

WC/T was previously qualified for the realistic analysis of PWR Large Break (LB) LOCAs. TRAC-P
provided additional capabilities to potentially expand the application of WC/T to the full spectrum of
breaks: small, medium, and large. The TRAC-P 1D module provided enhanced LBLOCA features, e.g.
non-condensable gas transport, and added capabilities to properly capture the important processes and
phenomena identified for small and intermediate break scenarios. It featured expanded fundamental field
equations and closure relationship models which are essential to extend the WC/T code capabilities. The
TRAC-P six equation two fluid solution provides adequate formulation for horizontally stratified flow
simulation required for SBLOCA analysis, in comparison to the formulation in WC/T (based on TRAC-
PD2).

The TRAC-P developmental assessment documentation (Boyack, et al., 2001) demonstrated that TRAC-P
was a viable tool for analyzing PWRs during a LOCA and other operational transients, by successful
comparisons to analytical solutions, separate effect tests, and integral effect tests.

Based on this information, it was determined that the coupling of the WC/T 3D module with the TRAC-P
1D modules was a technically sound base to begin development of the new WCOBRA/TRAC-TF2 code.
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Assessments that have been performed for the WCOBRA/TRAC-TF2 components used within the FULL
SPECTRUM method are documented in WCAP-16996-P as follows:

Section 16: Horizontal stratified flow (PIPE and TEE components)
Section 17: Cold leg condensation (PIPE and TEE)

Section 18: Loop seal clearing (PIPE)

Section 19.6: Cylindrical Core Test Facility (integral test facility)
Section 20.1: Accumulator (PIPE, VALVE)

Section 20.2: PUMP

Section 20.3: 1D/3D Junction

Section 21: ROSA (integral test facility)

Section 22: LOFT (integral test facility)

Section 23.2: Numerical thought problems (PIPE, FILL, BREAK)
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Question 3: LBLOCA and SBLOCA PIRTSs

WCAP-16996-P/WCAP-16996-NP, Volumes I, 11, and III, Revision 0, Revision 0 Section 2.3,
“Phenomena Identification and Ranking Table (EMDAP Steps 3 and 4),” explains that the FSLOCA
PIRT was developed using “existing LBLOCA and SBLOCA PIRTs as the starting point.” With regard
to the previously existing LBLOCA PIRT, Section 2.3 stated that it was “the subject of NRC review.”
Please identify this existing LBLOCA PIRT, as approved by NRC, and provide a table that compares and
documents all differences between the original approved LBLOCA PIRT and the FSLOCA PIRTs for
LBLOCA and intermediate break (IBLOCA). In addition, explain the conversion process between the
ranking system used in the existing LBLOCA (ranks from 1 to 9) and the system adopted in the new
FSLOCA PIRTs (“Low,” “Medium,” and “High”).

With regard to the previously existing SBLOCA PIRT, Section 2.3 clarifies that it was a subject of
“independent peer review.” Please identify this original SBLOCA PIRT along with its technical basis
and supporting references describing its development. In addition, provide a brief summary of all major
findings from the “independent peer review.” Please present a table that compares and documents all
differences between the original SBLOCA PIRT and the FSLOCA PIRT for SBLOCAs.

Response:

Comparison to Existing Westinghouse Large Break LOCA (LBLOCA) Phenomena Identification and
Ranking Table (PIRT)

The original ranking of the LBLOCA PIRT for 3 and 4 loop Westinghouse plant was developed as part of
the Westinghouse Best Estimate LBLOCA methodology development, and is documented in Section 1-3-
3-3 of WCAP-12945-P-A [3]. The PIRT for the upper plenum injection (UPI) PWRs was later developed
and presented in the Table 2-3 in Section 2-4 of WCAP-14449-P-A [8], which is identical to Table 1-1 in
Section 1-2-3 of WCAP-16009-P-A [2]. Table A-1 in Appendix-A of WCAP-16009-P-A contains an
extension to Combustion Engineering type PWRs. The combined PIRT (Tables 1-1 and A-1 from
WCAP-16009-P-A) was then converted from the numerical ranking of 5 through 9 to Medium (5-6), and
High (7-9), and added to the LBLOCA portion of the integrated PIRT contained in WCAP-16996-P [1]
with clarifying comments when the ranking of a particular phenomenon is different between the two sets
of PIRT. The conversion process is explained in the sections that follow. Where the ranking is different
between WCAP-16009-P-A and WCAP-16996-P, the cell is highlighted with yellow . If the item is
added or removed, it is highlighted. If items are added, they are highlighted in green ([ltem]) and
comments are added to the comparison table to note the changes. If items are removed they are noted and
explanation is provided on why it was removed, or how it was incorporated into existing items in the
remark to the region heading.

The FSLOCA PIRT contains phenomena for all break sizes, and thus many items were considered in
LBLOCA that were not considered in the previous LBLOCA PIRT.

Comparison to Existing Westinghouse SBLOCA PIRT

The same process of comparison was performed for the SBLOCA portion of the integrated PIRT
contained in WCAP-16996-P [1]. The previous SBLOCA PIRT was originally documented in Section 1-4
of WCAP-14936 [4].

Review of SBLOCA by an independent panel of experts

Westinghouse developed a PIRT for a small break LOCA, which was then reviewed by an independent
external review team of experts: P. Griffith (MIT), Y. Hassan (Texas A&M), T. Fernandez (EPRI), and
D. Speyer (consultant). Attachment A to WCAP-14936 [4] contains the team’s review comments on the
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preliminary SBLOCA PIRT. Note that the preliminary PIRT is different from the final SBLOCA PIRT
given in Table 1-9 of WCAP-14936. While the independent PIRT Review Team’s rankings were
incorporated in the final PIRT, there were some exceptions as noted in Section 1-4-6 of WCAP-14936.
The independent review of the Westinghouse SBLOCA PIRT was also published in Reference 5.

References:

L.

2.

WCAP-16996-P, “Realistic LOCA Evaluation Methodology Applied to the Full Spectrum of
Break Sizes (FULL SPECTRUM LOCA Methodology),” November 2010.

WCAP-16009-P-A, “Realistic Large-Break LOCA Evaluation Methodology Using the
Automated Statistical Treatment of Uncertainty Method (ASTRUM),” January 2005.
WCAP-12945-P-A, “Westinghouse Code Qualification Document for Best Estimate Loss of
Coolant Analysis,” March 1998.

WCAP-14936, “Code Qualification Document for Best Estimate Small Break LOCA Analysis,”
August 2001. (SBLOCA PIRT is included in Appendix A), attachment to ML031560746,
“Transmittal of WCAP-14936, "Code Qualification Document for Best Estimate Small Break
LOCA Analysis," Revision 0, August 2001 (Proprietary) and WCAP-14936-NP, Revision 0,
April 2003 (Non-Proprietary),” June 16, 2003.

S. M. Bajorek, A. Ginsberg, D. J. Shimeck, K. Ohkawa, M. Y. Young, L. E. Hochreiter, P.
Griffith, Y. Hassan, T. Fernandez, and D. Speyer, “SMALL BREAK LOSS OF COOLANT
ACCIDENT PHENOMENA IDENTIFICATION AND RANKING TABLE (PIRT) FOR
WESTINGHOUSE PRESSURIZED WATER REACTORS,” Ninth International Topical
Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-9), San Francisco, California,
October 3 - 8, 1999.

NUREG/CR-5249, “Quantifying Reactor Safety Margins — Application of Code Scaling,
Applicability, and Uncertainty Evaluation Methodology to a Large-Break, Loss-of-Coolant
Accident,” December 1989.

NUREG/CR-5074, “Development of a Phenomena Identification and Ranking Table (PIRT) for
Thermal-Hydraulic Phenomena During a PWR Large-Break LOCA,” November 1988.
WCAP-14449-P-A Rev.1, “Application of Best Estimate Large Break LOCA Methodology to
Westinghouse PWRs With Upper Plenum Injection,” October 1999.

Wang, M. and Mayinger, F., 1995, “Simulation and Analysis of Thermal-Hydraulic Phenomena
in a PWR Hot Leg Related to SBLOCA,” Nuclear Engineering and Design, Vol. 15, pp. 643-652.
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1 Comparison of FSLOCA PIRT against WCAP-12945-P-A/WCAP-16009-P-A PIRT

The ranking provided in the large break LOCA portion of the FSLOCA PIRT in Table 1-1 of this
attachment has been mostly based on the previous LBLOCA PIRT shown in Table 1-2. In general,
rankings of 7-9 in Table 1-2 are reflected as high (H) rankings in Table 1-1 and rankings of 5-6 are
medium (M) rankings. In the previous LBLOCA PIRT, no ranking below 5 was provided. Rankings
below 5 were converted, based on the ranking definitions provided in Section 2-3 of Reference 1, to either
Medium (M), low (L) or not-applicable (N/A) in Table 1-1. In all these cases, justification is provided in
Section 2.3.2 of Reference 1.

Beside this conversion, the LB LOCA input in Table 1-1 differs from that provided in Table 1-2 in some
areas, which are discussed as follows. Note that in the following sections only those ranking and
phenomena that don’t directly correspond to the conversions presented above will be discussed. For more
detailed information on the specific phenomena, see Section 2.3 in WCAP-16996-P.

1-1-1 Fuel Rod
(See Section 2.3.2.1 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

Clad Deformation (Burst Strain, Relocation) is new in FSLOCA PIRT, and was not included explicitly in
the previous LBLOCA PIRT as seen in Table 1-2. Although these processes were not explicitly included
in the previous large break LOCA PIRT, their modeling was recognized as implicit in several other core
heat transfer processes and as such their models were part of the LBLOCA Methodology. For the
FSLOCA PIRT, it was considered more appropriate to explicitly capture these phenomena in the fuel rod
ranking. Also in Table 1-1, ranking changes are presented, which reflect the thermal conductivity
degradation (TCD) effects which were not accounted for in the original submittal. A more comprehensive
PIRT for the impact of TCD effects will be given in the response to RAI-36 through 39.

1-1-2 Core
(See Section 2.3.2.2 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

DNB: In the FSLOCA PIRT, the more generic term CHF is used. Ranking is consistent between Table 1-
1 and Table 1-2.

In the LBLOCA PIRT, Reflood Heat Transfer was ranked | ¢ during reflood, and was meant
to provide a comprehensive definition of all the heat transfer modes occurring in the core during reflood.
For this reason, Post-CHF and Rewet were left unranked during reflood, as their effects were considered
within the generic reflood heat transfer multiplier. For the FSLOCA PIRT, it was necessary, considering
the range of break sizes and relative periods considered, to provide a more specific ranking. Reflood Heat
Transfer is a combination of several other more fundamental processes such as Post-CHF, Rewet, heat
transfer to covered core and entrainment/de-entrainment. In particular, the ranking for Rewet and Post-
CHF in the FSLOCA PIRT has been assigned as | 1™ consistent with the ranking of Reflood
Heat Transfer in the LBLOCA PIRT. Thus, the ranking between Table 1-2 and Table 1-1 is equivalent.

Rewet/Tmin: In the FSLOCA PIRT, the ranking for Rewet is provided as a | 1™ during
blowdown and reflood in recognition that the low and average power rods would rewet and provide
cooling to the hot assembly rods while a [ 1™ was

assigned in the previous LBLOCA PIRT. The ranking in refill was changed to |
1*. The reason for this modification is discussed in Section 2.3.2.2 of Reference 1: “|

1"° This modification is the result of
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additional knowledge acquired with the application of the LBLOCA Best-Estimate methodology by
Westinghouse. Ranking for the reflood period has been discussed above as part of the decomposition of
the Reflood Heat Transfer in the FSLOCA PIRT.

Two additional phenomena are included in the FSLOCA PIRT, Flow Resistance and Water Storage in
Barrel/Baffle Region. As observed in Table 1-1, these are both considered of | 1€ importance for
large breaks, with justification provided in Section 2.3.2.2 of Reference 1.

1-1-3 Upper Head
(See Section 2.3.2.3 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

While the FSLOCA PIRT distinguishes between upper head and upper plenum, the LBLOCA PIRT
included only an Upper Plenum ranking. The refined subdivision used for the FSLOCA is mostly due to
the slower drain of the upper head for the smaller breaks, such that is was considered more appropriate to
separate the two regions.

The ranking for the FSLOCA PIRT is provided in Table 1-1 and is justified in Section 2.3.2.3 of
Reference 1. It can be observed that two main processes are associated with the upper head. The first is
the contribution to core cooling during blowdown (Draining/Flashing/Mixture Level and Initial Fluid
Temperature). These effects were only implicitly captured in the previous LBLOCA PIRT for their
influence on heat transfer in the core during blowdown (see for example the discussion on Core 3-D Flow
in Section 1-2-3-2 of Reference 2 (or Section 1-3-3-3 of Reference 3), and the relative importance of
downflow from the upper plenum and upper head during blowdown).

The second relevant effect associated with the upper head is the venting during reflood. The ranking
justification is provided as in Section 2.3.2.3 of Reference 1. While not explicitly captured in the previous
LBLOCA PIRT this is part the overall vent path flow resistance, captured for example as two-phase loop
DP in the previous LBLOCA PIRT.

1-1-4 Upper Plenum
(See Section 2.3.2.4 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

The only differences between the large break LOCA part of the FSLOCA PIRT provided in Table 1-1 and
the LBLOCA PIRT provided in Table 1-2 are relative to two additional phenomena that have been
included in the FSLOCA PIRT.

The Hot Leg-Downcomer Gap Flow was not included in the previous LBLOCA PIRT, as it was
recognized that not modeling this gap would be conservative. However, it is recognized that the expected

flow through the Hot Leg-Downcomer gap is [ 1*¢. Therefore, in
the FSLOCA PIRT it was decided to include this effect in the PIRT to capture its significance to a
realistic LOCA analysis, [ €. Ranking rationale

is provided in Section 2.3.2.4 of Reference 1.

Metal Heat Release: The ranking rationale is provided in Section 2.3.2.4 of Reference 1. While not
explicitly captured in the UPI LBLOCA PIRT, these effects were considered as part of the CCF
Drain/Fallback in the LBLOCA PIRT, consistent with the ranking rationale provided for the FSLOCA
PIRT.
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1-1-5 Hot Leg
(See Section 2.3.2.5 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

Although some additional phenomena are included in the FSLOCA PIRT, the ranking remains of either
low or not-applicable for large break LOCA. Ranking is consistent with that provided for the previous
LBLOCA PIRT, as discussed in Section 2.3.2.5 of Reference 1.

1-1-6 Pressurizer/Surge Line
(See Section 2.3.2.6 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

Although some additional phenomena are included in the FSLOCA PIRT, the ranking remains of either |
1€ for large break LOCA. Ranking is consistent with that provided for the previous
LBLOCA PIRT, as discussed in Section 2.3.2.6 of Reference 1. The only difference between the ranking
in Table 1-1 and Table 1-2 is relative to the early quench. The original CSAU [6] expert team ranking of
(High) was from the LOFT tests that indicated that liquid from the pressurizer and its surgeline could
flow back into the vessel during the reverse flow period of blowdown, contributing to the top down
cooling [7]. In the previous Westinghouse LBLOCA PIRT, a ranking of [ ™ was assigned.

[

]a,c
Additionally, “Early Quench” is a combined effect of Surgeline flow and the “Flow Reversal” at the
Upper Plenum/hot leg interface, and both of these items are included in the current table. Thus, based on
Westinghouse’s experience with realistic LBLOCA analysis, and the fact that phenomena controlling
“early quench” behavior are already included in the table, this entry is removed.

1-1-7 Steam Generator
(See Section 2.3.2.7 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

Several phenomena associated with the steam generators are included in Table 1-1 for the FSLOCA
PIRT. Most of these phenomena assume some significance only for the small breaks, where the steam
generators act as a heat sink for a significant portion of the transient. For large breaks, a ranking of |

1€ is assigned to most of the steam generator phenomena, as justified in Section 2.3.2.7
of Reference 1. The only two phenomena for which ranking are different than [ 1™
(Steam Binding and Flow Resistance) are present in both Table 1-1 and Table 1-2.

For Steam Binding, ranking is consistent between the two PIRTs.

For Flow Resistance, a ranking of [ 1€ is provided for the blowdown phase. The ranking rationale is
provided in Section 2.3.2.7 of Reference 1. In the LBLOCA PIRT, the Loop was considered as a separate
entry in the PIRT, and flow split was defined as the split of flow between the vessel side and loop side of
the break due to the relative flow resistance of the two flow paths. In the FSLOCA PIRT, it was
considered more appropriate to identify separately the flow resistance in the various components of the
flow path, and rank the importance of this flow resistance on the basis of its influence on the flow split.

While not explicitly represented in the previous LBLOCA PIRT this ranking is therefore considered
consistent with the flow split ranking during blowdown and, due to the influence of the venting path flow
resistance on the core flooding rate during reflood, with reflood heat transfer during reflood.
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1-1-8 Pump Suction Piping/ Loop Seal Clearance
(See Section 2.3.2.8 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

These phenomena are all ranked of low importance for the large breaks in the FSLOCA PIRT, and they
are included for their importance in the smaller break sizes. For this reason, the FSLOCA PIRT is
consistent with the previous LBLOCA PIRT provided in Table 1-2, where no pump suction piping
phenomena is considered. Ranking for the FSLOCA PIRT is justified in Section 2.3.2.8 of Reference 1.

As stated in the response to RAI 7, the FSLOCA methodology is not applicable to the long term cooling
period. However, it is recognized that the loop seals could possibly replug during the “short term” and is
addressed in Section 2.3.2.9 of WCAP-16996-P for intermediate breaks where the broken loop
accumulator or SI water could conceivably backflow during the second phase of this scenario.

1-1-9 Pump
(See Section 2.3.2.9 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

Ranking for the pump phenomena relative to large breaks is consistent between the FSLOCA PIRT and
LBLOCA PIRT. Coastdown performance was included in Two-Phase performance in the previous Large
Break LOCA PIRT, while a separate ranking is provided in the FSLOCA PIRT.

Flow Resistance has a ranking consistent in the FSLOCA PIRT with that provided in the previous
LBLOCA PIRT, although a lower ranking is provided for the refill and reflood phases than the ranking
provided for blowdown. The reason for this choice is that other loop resistances are separately captured,
and thus the pump resistance is only one of the components of the overall loop resistance, and is not
expected to be a dominating contributor. A ranking of [ 1™ is assigned for refill and reflood,
and a ranking of [ 1 is assigned for blowdown, consistent with the ranking for the steam
generator flow resistance.

1-1-10 Cold Leg / Safety Injection
(See Section 2.3.2.10 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

Ranking for the FSLOCA and LBLOCA PIRT is consistent. The main difference between the two PIRTs
is the inclusion of the Spilling Flow Treatment (Pumped SI) in the FSLOCA PIRT, which is assigned a
ranking of [ 1> for the reflood phase of large break LOCA. This item was not captured in the
LBLOCA PIRT since flow to the broken loop was assumed spill to the break, and the total amount of
spilled SI flow was to be conservatively estimated in the LBLOCA methodology. In the FSLOCA PIRT it
is instead explicitly recognized that, independent from the modeling approach selected, the treatment of
spilled SI flow has a significant impact on the reflood portion of the LBLOCA transient, as discussed in
Section 2.3.2.10 of Reference 1.

1-1-11 Accumulator
(See Section 2.3.2.11 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

The Accumulator was included with the Cold Leg in the LBLOCA PIRT. For the FSLOCA PIRT, it was
considered more appropriate to consider the Accumulator as a separate PIRT item. Ranking rationale is
discussed in Section 2.3.2.11 of Reference 1. Aside from the phenomena ranked as [

1™, the following can be observed on the ranking of accumulator phenomena in the FSLOCA
PIRT.
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The ranking for Nitrogen Discharge is consistent with the LBLOCA ranking of non-condensable gases in
the cold leg and elsewhere in the system, and is therefore implicitly included in the LBLOCA PIRT. It is
also recognized that Nitrogen discharged into the reactor coolant system from the accumulator may
impact steam binding through the primary-to-secondary heat transfer process during reflood, if the non-
condensable gas is present in the steam generator tubes.

For the Broken Loop Accumulator Treatment, the same considerations provided in Section 2.3.2.10 of
Reference 1 to the Spilling Flow Treatment apply.

The accumulator injection rate is explicitly captured in the FSLOCA PIRT, with ranking rationale
provided in Section 2.3.2.11 of Reference 1. In the previous LBLOCA PIRT, accumulator injection is
implicitly considered in several different phenomena related to ECC bypass and core reflood.

1-1-12 Downcomer
(See Section 2.3.2.12 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

Ranking for the downcomer is consistent between the FSLOCA and LBLOCA PIRTs, with the following
differences.

Non-Condensable Effects. These are explicitly captured in the FSLOCA PIRT because of their potential,
and short lived, effect on downcomer condensation. The ranking is consistent with that provided for non-
condensable effects in the Cold Leg.

Flow Resistance. In the FSLOCA PIRT flow resistance is explicitly captured because of its effect on ECC
bypass (see ranking justification in Section 2.3.2.12 of Reference 1). The ranking is qualitatively
consistent with that provided in the LBLOCA PIRT for Countercurrent / Slug / Non-equilibrium Effect,
but was captured as a separate phenomenon in the FSLOCA PIRT for consistency with other parts of the
system, where flow resistance was explicitly accounted for.

Mixture Level/Flashing/Void Fraction / Void Generation / Void Distribution is explicitly included in the
FSLOCA PIRT, while in the LBLOCA PIRT it was included with the Hot Wall. In the FSLOCA PIRT
the stored energy in the wall and its effect on the fluid are separately captured. The Ranking for the
Mixture Level/Flashing also accounts for ECC bypass related processes, which were generically included
in Countercurrent / Slug / Non-equilibrium Effect in the LBLOCA PIRT. Thus the ranking of [

1*€ is provided for the refill period. Detailed description and ranking justification for the Countercurrent /
Slug / Non-equilibrium Effect, Flow Resistance, Mixture Level/Flashing is provided in Section 2.3.2.12
of Reference 1.

The Counter-Current, Slug, and Non-equilibrium Flows are characteristic of the ECC bypass phenomena
during the refill period and are the same for the Westinghouse 2-, 3-, 4-loop and CE designed PWRs. This
item was missing from the FSLOCA PIRT but present in the previous LBLOCA PIRT. This item will be
reinstated in the revised PIRT. While the phenomena are the same, there are geometric differences. These
phenomena ranked | ]** begin at the end of blowdown and end at the conclusion of the refill
period when the lower plenum is filled and there is no longer any steam flow up the downcomer.

1-1-13 Lower Plenum
(See Section 2.3.2.13 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

Ranking is consistent for the FSLOCA and LBLOCA PIRT. Ranking justification for the FSLOCA PIRT
is provided in Section 2.3.2.13 of Reference 1.
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1-1-14 Break
(See Section 2.3.2.14 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

Ranking is consistent for the FSLOCA and LBLOCA PIRT. Ranking justification for the FSLOCA PIRT
is provided in Section 2.3.2.14 of Reference 1.

The only significant difference is due to an explicit entry of Cold Leg Nozzle Flow Resistance in the
FSLOCA PIRT. This addition is due to the fact that the LBLOCA PIRT includes in the Loop an effect
indicated as Flow Split. Two flow paths are available to the fluid to reach the break: the flow path through
the hot leg, steam generator, and broken loop pump and the flow path through the core, downcomer, and
broken loop cold-leg nozzle to the break. The resistance difference between the two flow paths
determines the amount of downflow through the core during blowdown, and the amount of core cooling.
In the FSLOCA PIRT, flow split is not considered as a separate phenomenon, but rather as a result of the
relative flow resistances of the two flow paths discussed above. Thus, flow resistance at critical
components along the flow path was ranked, rather than a generic flow split.

It is noted that in the FSLOCA PIRT, Cold Leg Nozzle Flow Resistance is also ranked | 1*€
during reflood, due to the influence of the venting path flow resistance on the core flooding rate during
reflood.
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Table 1-1: Comparison of FSLOCA LBLOCA PIRT to combined PIRT (Table 1-1 and Table A-1) in WCAP-16009-P-A
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Table 1-1: Comparison of FSLOCA LBLOCA PIRT to combined PIRT (Table 1-1 and Table A-1) in WCAP-16009-P-A (cont.)
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Table 1-1: Comparison of FSLOCA LBLOCA PIRT to combined PIRT (Table 1-1 and Table A-1) in WCAP-16009-P-A (cont.)
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Table 1-1: Comparison of FSLOCA LBLOCA PIRT to combined PIRT (Table 1-1 and Table A-1) in WCAP-16009-P-A (cont.)
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Table 1-1: Comparison of FSLOCA LBLOCA PIRT to combined PIRT (Table 1-1 and Table A-1) in WCAP-16009-P-A (cont.)
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Table 1-1: Comparison of FSLOCA LBLOCA PIRT to combined PIRT (Table 1-1 and Table A-1) in WCAP-16009-P-A (cont.)
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Table 1-1: Comparison of FSLOCA LBLOCA PIRT to combined PIRT (Table 1-1 and Table A-1) in WCAP-16009-P-A (cont.)

(1) Cold leg injection/Upper Plenum Injection.
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|| Table 1-2: PIRT for Large-Break LOCA (Table 1-1 and Table A-1 in WCAP-16009-P-A and Table 1-14 in WCAP-12945-P-A) ||

]a,c
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Table 1-2: PIRT for Large-Break LOCA (Table 1-1 and Table A-1 in WCAP-16009-P-A and Table 1-14 in WCAP-12945-P-A) (Cont.) “

]a,c
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Table 1-2: PIRT for Large-Break LOCA (Table 1-1 and Table A-1 in WCAP-16009-P-A and Table 1-14 in WCAP-12945-P-A) (Cont.) “

a,c
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Table 1-2: PIRT for Large-Break LOCA (Table 1-1 and Table A-1 in WCAP-16009-P-A and Table 1-14 in WCAP-12945-P-A) (Cont.) “

]a,c
*Ranking for CE Design if different from W/3-4 Loop PWRs (Appendix A in WCAP-16009-P-A)
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2 SMALL BREAK LOCA PIRT COMPARISON

2-1 SBLOCA Portion of FSLOCA

The SBLOCA portion of the FSLOCA PIRT was compared to the previously developed SBLOCA PIRT
in Table 2-1. The previously developed PIRT with ranking rationale is provided in Table A-1 of
Appendix A for comparison. Similar to the LBLOCA PIRT comparison shown in the previous section,
where the ranking is different between the previous SBLOCA PIRT (duplicated in Appendix A) and the
one contained in WCAP-16996-P, the cell is highlighted with yellow (). If the item is added or
removed, it is highlighted. If items are added, they are highlighted in green () and comments are
added to the comparison table to note the changes. If items are removed they are noted in the remark to
the region heading.

2-2 Justification of FSLOCA PIRT against SBLOCA PIRT

The ranking provided in the small break LOCA portion of the FSLOCA PIRT in Table 2-1 has been
mostly based on the small break LOCA PIRT provided in Table A-1 and discussed above. In general, in
the FSLOCA PIRT it was decided to eliminate the “scenario dependent rankings” indicated with H*, M*
or L*. This was based on the fact that essentially all rankings provided would be somewhat scenario
dependent and it is considered more adequate to define rankings in such a way that they represent the
largest possible impact from a specific phenomenon on the figures of merit considered.

Aside from this difference, the ranking for small breaks in the FSLOCA PIRT in Table 2-1 is directly
obtained from Table A-1, with only a limited number of changes that are discussed as follows. For more
detailed information on the specific phenomena, see Section 2.3 in WCAP-16996-P.

2-2-1 Fuel Rod
(See Section 2.3.2.1 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

Gap Conductance is not explicitly included in the FSLOCA PIRT as it is considered a component of the
Stored Energy, consistent with the approach used for the LBLOCA PIRT discussed.

Local Power is not explicitly included in the FSLOCA PIRT, as it is considered included in the Stored
Energy and Decay Heat, since the local power influences the spatial distribution of decay heat.

2-2-2 Core
(See Section 2.3.2.2 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

3-D Power Distribution is not explicitly included in the FSLOCA PIRT, as it is considered included in the
Decay Heat, since the local power influences the spatial distribution of decay heat, and 3-D Flow/Core
Natural Circulation.

DNB. In the FSLOCA PIRT, the more generic term CHF is used. Ranking is consistent between Table 2-
1 and Table A-1.

Heat Transfer to Covered Core. A ranking of [ 1€ is used in the FSLOCA PIRT also for blowdown.
[

]a,c

Void Generation / Void Distribution. In the FSLOCA PIRT, this terminology is preferred over the
mixture level definition used in the SBLOCA PIRT. Ranking is consistent between Table 2-1 and Table
A-1.
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Top Nozzle / Tie Plate CCFL. This is included with Draining/Fallback/CCFL in the upper plenum, and is
therefore not listed separately in the FSLOCA PIRT.

2-2-3 Upper Head
(See Section 2.3.2.3 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

Draining / Mixture Level. The ranking of low for the last three phases in the SBLOCA PIRT is modified
to N/A in the FSLOCA PIRT since the upper head is expected to be completely drained during the first
two phases.

Initial Fluid Temperature. The ranking of low for the last three phases in the SBLOCA PIRT is modified
to N/A in the FSLOCA PIRT since the upper head is expected to be completely drained during the first
two phases.

Venting. Venting through the upper head is explicitly captured in the FSLOCA PIRT, with a ranking
consistent with that provided for Hot Leg-Downcomer Gap Flow. The rationale for this added
phenomenon is provided in Section 2.3.2.3 of Reference 1.

2-2-4 Upper Plenum
(See Section 2.3.2.4 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

Condensation for the FSLOCA PIRT was ranked as N/A rather than low as in the SBLOCA PIRT. The
rationale for a ranking of N/A is that condensation is not expected to occur in the upper plenum, and even
for UPI plants it is only the low head safety injection that would be delivered to the upper plenum, and
low head SI is not actuated during the small break scenario until after or during the recovery phase.

Horizontal Stratification and Counter-Current Flow & CCFL have been removed from the upper plenum
and are now part of Horizontal Stratification/Flow Regime in the hot leg.

Phase Separation in tee at Pressurizer was considered in the FSLOCA PIRT as Phase Separation at
Branch Tee under Pressurizer/Surge Line. Ranking is consistent between Table 2-1 and Table A-1.

2-2-5 Hot Leg
(See Section 2.3.2.5 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

Differences between Table 2-1 and Table A-1 is the ranking of Horizontal Stratification and Counter-
Current Flow which are ranked low (L) in FSLOCA PIRT while they are ranked medium (M) in the
previous SBLOCA PIRT. These are ranked low because of low vapor velocity expected in SBLOCA, and
because full scale tests showed that there is no evidence of CCFL [9], this phenomenon was removed.

2-2-6 Pressurizer/Surge Line
(See Section 2.3.2.6 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

In general, all rankings relative to the pressurizer volume have been changed from low in the SBLOCA
PIRT to N/A in the FSLOCA PIRT for the periods when the pressurizer is expected to be empty of liquid.
Rationale for each phenomenon is provided in Section 2.3.2.6 of Reference 1.

The remaining ranking is consistent between Table 2-1 and Table A-1. Ranking for Phase Separation at
Branch Tee has been discussed in Section 2-2-4.
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2-2-7 Steam Generator
(See Section 2.3.2.7 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

The only difference between the FSLOCA and the SBLOCA PIRTs is that Steam Binding is included in
the FSLOCA PIRT due to its relevance in intermediate and large break scenarios. For small breaks, a
ranking of low or not applicable is provided for all phases, as justified in Section 2.3.2.7 of Reference 1.

In addition, it is recognized that tube plugging can influence the phenomena and processes identified in
Section 2.3.2.7 of Reference 1 through the impact on fluid volume, momentum area and heat transfer
area. While increased tube plugging will reduce the fluid volume and momentum area (and therefore
increase the resistance through the loop), it will also reduce the heat transfer area between the primary and
secondary sides. During the phases when heat transfer in the steam generator is from the secondary side to
the primary side, this has a potential impact of reduced Steam Binding and vapor superheating. However,
the impact due to the difference in heat transfer area is less important than the impact on the loop
resistance (e.g., influence on loop seal clearing, level swell and reflood rate) due to the reduction in fluid
volume and momentum area. As stated in Section 25.1 of Reference 1, |

]a,c'

2-2-8 Pump Suction Piping / Loop Seal Clearance
(See Section 2.3.2.9 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

There is no difference between the FSLOCA PIRT in Table 2-1 and the SBLOCA PIRT in Table A-1.

It is recognized that partial clearing of the loop seals and liquid hold-up in the uphill side of the loop seal
region can have an influence on the thermal-hydraulic response during the boil-off period. The degree of
liquid hold-up is a result of Horizontal Stratification (i.e., does the liquid in the horizontal section stratify
or is it pushed to the uphill section of the loop seal region) and CCFL and Entrainment/Flow
Regime/Interfacial Drag (is the liquid pushed out, carried out or partially remain in the loop seal region).
The overall impact of liquid being retained in the loop seal region is on the Flow Resistance through a
given loop after it has cleared.

2-2-9 Pump
(See Section 2.3.2.9 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

Mixing was removed in the FSLOCA PIRT. Mixing is considered as a consequence of the pump
operation, captured elsewhere, and is already captured as cold leg Flow Regime. Also, during blowdown
the cold leg remains water solid, and thus the effect of mixing generated by the pumps is not considered
of any importance.

The Two Phase Performance definition was modified to include also the single phase performance. Also,
ranking for the natural circulation phase was modified from [ 1™ in the SBLOCA PIRT to [

1™ in the FSLOCA PIRT to reflect the possibility that for some of the “larger” small breaks the pumps
may still be running in the natural circulation phase.

Analogously, Coastdown ranking for the natural circulation phase was modified from | 1€ in the
SBLOCA PIRT to | 1™ in the FSLOCA PIRT to reflect the possibility that for some of the
“larger” small breaks the pumps may still be running in the natural circulation phase.
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See the response to RAI 10 for discussion on reactor coolant pump trip.

2-2-10 Cold Leg / Safety Injection
(See Section 2.3.2.10 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

Cold Leg and Safety Injection have been combined in the FSLOCA PIRT. Ranking is consistent with that
provided in the SBLOCA PIRT. However, Flow Resistance was removed in the FSLOCA PIRT for
consistency with the hot leg flow resistance (loop piping flow resistance is small compared to other flow
resistances in the system, for example in the steam generators or pumps). Also, Water Hammer was
removed from the FSLOCA PIRT. Per the SBLOCA PIRT in Appendix A-1-2-11, “The possible
consequences of a condensation-induced water hammer would not alter the scenarios for the small break
LOCA event.” Thus, it was not considered necessary to maintain this inconsequential phenomenon in the
FSLOCA PIRT.

The main difference between the two PIRTs is however the inclusion of the Spilling Flow Treatment
(Pumped SI) in the FSLOCA PIRT. This item was not captured in the SBLOCA PIRT since the total
amount of spilled SI flow was to be conservatively estimated in the SBLOCA methodology. In the
FSLOCA it is instead explicitly recognized that, independent from the modeling approach selected, the [

]a,c, as

discussed in Section 2.3.2.10 of Reference 1.

It is recognized that the Metal Heat can be a higher percentage of total heat added to the RCS for a
small break and the smaller breaks of an intermediate break transient, which can influence the
liquid temperature from the safety injection when it reaches the downcomer. However, this mode of
heating the liquid is not as dominant as Interfacial Heat Transfer (Condensation), which is reflected
by the difference in ranking between the two phenomena.

2-2-11 Accumulator
(See Section 2.3.2.11 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

Injection Flow Rate and Line Resistance are merged in the FSLOCA PIRT given their strict interrelation.
The Interfacial Heat Transfer ranking was modified from | 1*€ for the SBLOCA PIRT to |

1€ for the FSLOCA PIRT. This is due to the fact that very low heat transfer is expected to occur at the
liquid/nitrogen interface, and the fact that accumulator injection will essentially terminate the small break
LOCA transient.

For the Broken Loop Accumulator Treatment, the same considerations provided in Section 2-2-10 to the
Spilling Flow Treatment apply.

2-2-12 Downcomer
(See Section 2.3.2.12 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

Downcomer and Lower Plenum are merged together in the SBLOCA PIRT, while they are separated in
the FSLOCA PIRT due to different considerations and phenomena that apply in these two regions for the
larger breaks.

3-D Effect was ranked as [ 1*¢ during blowdown in the FSLOCA PIRT, versus a [ 1€
ranking assigned in the SBLOCA PIRT. Per Appendix A-1-2-12, this may be important for breaks closer
to intermediate size, in which the downcomer may be partially depleted during the blowdown period and
a non-uniform mixture level may result around the downcomer. The consideration put forth in the
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FSLOCA PIRT is that [ 1™, that are explicitly included
in the PIRT and for which a ranking consistent of | 1€ is provided.

As stated in Section 1-1-12, Countercurrent / Slug / Non-equilibrium Flow Effect was missing in the
original FSLOCA PIRT and will be re-instated. This and Liquid Level Oscillations are specific ECC
bypass related phenomena that have been included in the FSLOCA PIRT due to their importance for
larger breaks. These phenomena do not occur for small breaks and are therefore ranked as N/A for all
phases.

2-2-13 Lower Plenum
(See Section 2.3.2.13 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

Downcomer and Lower Plenum are merged together in the SBLOCA PIRT, while they are separated in
the FSLOCA PIRT due to different considerations and phenomena that apply in these two regions for the
larger breaks.

Sweep-Out is a specific phenomenon that has been included in the FSLOCA PIRT due to its importance
for larger breaks. This phenomenon does not occur for small breaks and is therefore ranked as N/A for all
phases.

Hotwall Effects has a ranking | 1* in the FSLOCA PIRT consistent with that [ 1™
provided for RPV Internals / Vessel Wall Stored Energy Heat Release in the SBLOCA PIRT.

2-2-14 Break
(See Section 2.3.2.14 in WCAP-16996-P for additional discussion regarding the phenomena associated
with this system/component/process and rankings.)

Containment Pressure is included in the FSLOCA PIRT due to its importance for larger breaks. Flow is
expected to remain critical for small break throughout the transient, and thus a ranking of N/A is assigned
to all phases, except the final phase where flow can become unchoked.

Upstream Fluid Mixing has been added to the PIRT to distinguish the Upstream Flow Regime and the
mixing of two streams coming from the two side of the break. Ranking justification is provided in Section
2.3.2.14 of Reference 1. Note that the ranking for Upstream Flow Regime for blowdown has been
modified in the FSLOCA PIRT to a ranking of not-applicable, since in this phase mostly single phase
liquid will be present in the cold leg.

Cold Leg Nozzle Flow Resistance is included in the FSLOCA PIRT due to its importance for larger
breaks. It is considered of | 1 significance for small breaks, as justified in Section 2.3.2.14 of
Reference 1.

2-3 Previously Developed SBLOCA PIRT and Its Independent Review

The previously developed SBLOCA PIRT with the ranking rationale is documented in Section 1-4 of
WCAP-14936 [4]. Before the final SBLOCA PIRT, an independent review of the preliminary SBLOCA
PIRT was performed. The independent external review team of experts included, P. Griffith (MIT), Y.
Hassan (Texas A&M), T. Fernandez (EPRI), and D. Speyer (consultant). Attachment A to WCAP-14936
[4] contains the team’s review comments on the preliminary SBLOCA PIRT. The summary result of the
independent review of the Westinghouse SBLOCA PIRT was also published in Reference 5. Note that
the preliminary PIRT is different from the final SBLOCA PIRT given in Table 1-9 of WCAP-14936.
While the independent PIRT Review Team’s rankings were incorporated in the final PIRT, there were
some exceptions as noted in Section 1-4-6 of WCAP-14936.

WCAP-16996-NP-A November 2016 NP-29
Revision 1


rudakem
Typewritten Text
a,c


A-37

Westinghouse Non-Proprietary Class 3

LTR-NRC-13-37 NP-Attachment

Table 2-1: Comparison of FSLOCA SBLOCA PIRT to the one presented in WCAP-14936

WCAP-16996-NP-A

November 2016
Revision 1

NP-30

]a,c


rudakem
Typewritten Text
[

rudakem
Typewritten Text
]

rudakem
Typewritten Text
a,c


A-38 LTR-NRC-13-37 NP-Attachment

Westinghouse Non-Proprietary Class 3

Table 2-1: Comparison of FSLOCA SBLOCA PIRT to the one presented in WCAP-14936 (Cont.)

]a,c
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Table 2-1: Comparison of FSLOCA SBLOCA PIRT to the one presented in WCAP-14936 (Cont.)
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Table 2-1: Comparison of FSLOCA SBLOCA PIRT to the one presented in WCAP-14936 (Cont.)
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Table 2-1: Comparison of FSLOCA SBLOCA PIRT to the one presented in WCAP-14936 (Cont.)
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WCAP-16996-P/WCAP-16996-NP, Volumes I, 11, and III, Revision 0 Subsection 2.3.1.2, “Large Break
LOCA (LBLOCA) Periods Specification,” explains that a large break LOCA transient can be characterized by
three distinct periods: blowdown, refill, and reflood. It is further stated that the blowdown period extends
from the initiation of the break until the primary side depressurizes to the point when “emergency core
cooling (ECC) water can start to penetrate the downcomer.” Subsection 27.2.1, “CGE Large Break Reference
Transient Description,” suggests that the end of blowdown the primary system pressure approaches the
containment pressure, the break flow and consequently the downward core flow are reduced, the core begins
to heat up, and the vessel begins to fill with emergency core cooling system (ECCS) water. In this regard, the
CSAU report (NUREG/CR-5249) describes the end of blowdown by the initiation of accumulator injection in
the intact loops.

Please explain if there is any difference in these definitions with regard to the end of blowdown phase. As it
remains unclear how the timing when ECC water “can start to penetrate the downcomer” is determined,
please clarify if the time when the primary system pressure approaches the containment pressure (and when
depressurization basically ceases) is appropriate to describe the end of blowdown. In addition, please explain
what input the defined timing of end of blowdown has on ECCS performance and predicted peak cladding
temperature (PCT).

Response:

Contrary to previous Westinghouse Best-Estimate LOCA evaluation models (EMs) (ASTRUM and CQD), in
the Full Spectrum LOCA EM, there is a difference between the relevance and purpose of the period
specifications in the phenomena identification and ranking table (PIRT) and in the context of the actual plant
analysis and uncertainty methodology.

For the purpose of the PIRT exercise, Section 2.3.1.2 describes a typical large break LOCA scenario. The
transient is divided into the three typical periods: a rapid blowdown followed by a refill period and reflood
period.

The purpose of the period definition in the PIRT is to provide a qualitative description of the evolution of the
transient in order to indentify the phenomena pertinent to each time period occurring in each component of
the system. The ranking of importance for each phenomenon proceeds from there. When it comes to the Large
Break LOCA scenario there are different but practically equivalent descriptions of the processes occurring as
the transient proceeds from blowdown to refill and into reflood. The blowdown extends to the point when the
ECC water penetrates to the lower plenum to initiate refill (as presented in Section 2.3.2.1) and also
corresponds to the time when the primary system pressure approaches the containment pressure as indicated
in Section 27.2.1.

The PIRT is instrumental in identifying the evaluation model functional requirements as well as the
requirements for the code assessment matrix. However, an exact definition of the time period is not required
in the FSLOCA EM uncertainty propagation step. The reason is that biases and uncertainties are based on the
particular processes that occur during the transient rather than the transient phase or period. The timing is
captured if the code is shown to predict the sequence of events adequately during a particular scenario.

This aspect is new in FSLOCA EM. Previous EMs (ASTRUM and CQD) had a more simplistic means (the
HOTSPOT heat conduction code) to propagate local uncertainties over time, and a clear definition of the time
period was required by the mechanics of the methodology.
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Section 29.4.3 of WCAP-16996-P describes how uncertainties in the post-CHF heat transfer are treated and
how this component fits within the overall uncertainty analysis. As stated in the section “There are several
heat transfer regimes that affect the cladding temperature during a postulated LOCA accident, which depend
on the fluid conditions as well as the cladding temperature itself. Models are included in the code to
characterize each heat transfer regime, as described in Section 7. During a simulation, models are properly
selected depending on the local flow regime, void fraction and surface temperature. Such models have been
derived from a large data base which describes the fundamental heat transfer processes. The heat transfer
package is then validated and assessed against prototypical data which was intended to recreate conditions
expected in the reactor core during an accident, as discussed in Sections 14 and 15.

] a,c

Section 29.4.3.1 describes how the uncertainties on |

] a,c

From the previous discussion, it is clear that the exact definition of end of blowdown, which would be
dependent on specific attributes of the scenario (break size being a key factor) is irrelevant in the context of
the FSLOCA EM uncertainty methodology because the propagation of uncertainties is based on the actual
processes occurring during the scenario.

Other aspects of the biases and uncertainties, such as the capability of the FSLOCA EM to adequately predict
the depressurization during blowdown, the end of blowdown, the ECCS bypass, and the penetration of the
accumulator water in the lower plenum during a Large Break LOCA are demonstrated by assessing the EM
prediction of integral and separate system effect tests such as LOFT (Section 22) and the full-scale UPTF-6
(Section 19.3.5). In particular Section 19.3.5.6 concludes that |

WCAP-16996-NP-A November 2016 NP-38
Revision 1



A-46 LTR-NRC-13-37 NP-Attachment
Westinghouse Non-Proprietary Class 3

From an overall system behavior stand point an adequate prediction of timing of events is shown in Section
22. In particular Section 22.5.4 concludes that “The WCOBRA/TRAC-TF2 computer code |

] a,c

Thus, the definition of the end of blowdown is only important in the development of the PIRT, where the
qualitative aspects of the transient progression are used to define the functional requirements of the EM. In
the analysis, there is no explicit definition of the end of blowdown, and it therefore is of no consequence to
the calculation of ECCS performance or PCT.

WCAP-16996-NP-A November 2016 NP-39
Revision 1



A-47 LTR-NRC-13-37 NP-Attachment
Westinghouse Non-Proprietary Class 3

Question 5: Gap Conductance

NUREG/CR-5249 CSAU Table 6, “Summary of Highest-Ranked Processes,” listed the gap conductance as a
separate process. Furthermore, CSAU Table 16, “Thermal Response of Fuel and Peak Cladding Temperature
Change,” illustrated that the effect of gap conductance on the blowdown PCT was the largest one. It was
recognized that during blowdown the impact on the PCT from stored energy release to cladding prevails over
that from decay heat generation. Accordingly, the gap conductance was considered in the uncertainty
analysis. The CSAU PIRT, as presented in NUREG/CR-5249 Table 1, “Summary of Expert Rankings and
AHP-calculated Results,” rated this process low during the blowdown and refill periods and high during the
reflood period as the CSAU report was probably documenting the process as it evolved. WCAP-16009 Table
1-1, “PIRT for Large-Break LOCA,” while including the gas conductance, provides no ranking for this factor
besides the CSAU ranking of 8 during blowdown.

WCAP-16996-P/WCAP-16996-NP, Volumes I, 11, and III, Revision 0, Table 2-1, “PIRT for Full Spectrum
LOCA for Westinghouse and Combustion Engineering Plants,” does not include and rank fuel gap
conductance. Studies show that gap resistance dominates at the beginning of irradiation (until closure) and
becomes again important at increased burnup levels close to 70 GWd/tU due to significant gap conductivity
decrease (see results by C.B. Lee et al. as reproduced by M.T. Del Barrio et al., “Analysis of FRAPCON-3
Models Related to High Burnup Fuel,” 2006 International Meeting on Light Water Reactor Fuel Performance
“Nuclear Fuel: Addressing the Future,” October 22-26, 2006, Salamanca, Spain).

Please explain why WCAP-16996-P /WCAP-16996-NP, Volumes I, II, and III, Revision 0, Table 2-1, “PIRT
for Full Spectrum LOCA for Westinghouse and Combustion Engineering Plants,” does not include and rank
fuel gap conductance and its impact on fuel stored energy and predicted PCT. Please also identify the codes
and methods for determining fuel gap conductance, fuel pin pressure, fuel temperatures, and stored energy
versus burnup and explain their application and use in the FSLOCA methodology.

Response:

As described in the question, pellet-clad gap conductance is important through its influence on the steady state
pellet average temperature. Following the postulated LOCA, the primary influence of the gap conductance is
on the initial conditions. Section 1-2-3-1 of WCAP-16009 explains that “[t]he stored energy is most
important (rank=9) during blowdown since the resulting pellet temperature distribution undergoes a
readjustment that determines the heatup of the cladding after departure from nucleate boiling (DNB). The
stored energy also reflects the power level at which the hot rod is operating before the initiation of the
transient. In the Westinghouse analysis, items such as the gas gap conductance, fuel conductivity, effects of
pellet radial power, or pellet cracking are considered as part of the initial stored energy used in the plant
calculation. The stored energy effects diminish during refill but are still important since they represent the
power history (peak kW/ft) of the hot rod.” Later in that section, it is stated that “[t]he gas conductance is
important because it helps establish the initial stored energy. It is accounted for in the assumed value used for
the pellet stored energy.”

Given this rationale, WCAP-16009 Table 1-1, “PIRT for Large-Break LOCA,” while showing the CSAU
rankings for Oxidation, Decay Heat, and Gas Conductance, provides the Westinghouse rankings for Stored
Energy. Gas conductance can influence peak clad temperature by influencing the initial Stored Energy (pellet
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average temperature), and is therefore captured in that category as described in Section 1-2-3-1 of WCAP-
16009-P-A.

Section 2.3.2.1 of WCAP-16996-P describes the treatment of Stored Energy and its influence on the fuel rod.
As described there, “[t]he stored energy is primarily a function of axial and radial power distributions
throughout the core, pellet-clad gap conductance, and fuel thermal conductivity. [

]a,c”

This is reflected in the rankings in Table 2-1 of WCAP-16996-P, where Gap Conductance is implicitly
included through its influence on Stored Energy. The omission of Gap Conductance from Table 2-1 is due to
the removal of the CSAU rankings, not because Gap Conductance is no longer considered to be important in
determining the initial pellet stored energy.

A description of the codes and methods for determining fuel gap conductance, fuel pin pressure, fuel
temperatures, and stored energy versus burnup and an explanation of their application and use in the FSLOCA
methodology, will be provided as part of the response to Questions 36 and 37.
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Question 6: Pressurizer Response

WCAP-16996-P/WCAP-16996-NP, Volumes I, II, and III, Revision 0, Revision 0 Subsection 2.3.2.6,
“Pressurizer/Surge Line,” discusses processes related to the reactor pressurizer. Accordingly, WCAP-16996-
P/WCAP-16996-NP, Volumes I, II, and III, Revision 0, Revision 0, Table 2-1, “PIRT for Full Spectrum
LOCA for Westinghouse and Combustion Engineering Plants,” provides the ranking for processes related to

pressurizer level/liquid flashing. During blowdown, |
]a,c

Subsection 2.3.2.6, “Pressurizer/Surge Line,” recognizes that the pressurizer level or pressure can initiate
reactor trip. With regard to safety injection actuation, Subsection 2.3.1.3, “LBLOCA Periods Specification,”
explains that the ECCS is aligned for delivery following the generation of an “S” signal when the pressurizer
low/low-pressure setpoint is reached with some delay. Although Subsection 2.3.2.6 states that reactor trip is
not credited for large breaks, please explain if possible impact on the safety injection actuation was
considered in the adopted ranking with regard to the pressurizer level swell/flashing for large and intermediate
breaks.

When considering the pressurizer component, it is also recognized that the broken loop is not known in
advance. Please explain why WCAP-16996-P/WCAP-16996-NP, Volumes I, II, and III, Revision 0,
Subsection 2.3.2.6, “Pressurizer/Surge Line,” provides no consideration with regard to possible effects
associated with the break occurring in a loop connected to the pressurizer versus a break in a remaining loop
without a pressurizer.

Response:

Following a large or intermediate break, the pressurizer drains rapidly and the system pressure drops to the
low-low pressure setpoint around 1750 psia quickly, initiating the safety injection signal. See Figure
27.1.1.2-3 of WCAP-16996-P Revision 0 for the CGE intermediate break spectrum response; large breaks
tend to depressurize even faster as illustrated in Figure 27.1.1.1-4. |

] a,c

For intermediate breaks, the timing of high pressure safety injection is also of low importance. As described
in Section 2.3.2.11 of WCAP-16996-P Revision 0, it is the accumulator injection that quenches the core if any
heatup occurs. Imprecision in the timing of high pressure safety injection initiation is therefore expected to
not have a significant effect on the peak cladding temperature for intermediate breaks.
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Also note that |

a,c

]

Regarding the effects of a break occurring in the pressurizer loop, little influence is expected. For a break in
the cold leg, communication with the pressurizer and surge line in the hot leg is indirect. The pressure in the
pressurizer itself is largely insensitive to the location of the break, as is the time at which the setpoint pressure
near 1750 psia is reached. As such, the influence on the predicted timing of the safety injection initiation is
negligible.
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Question 7: Long-Term Cooling and PIRT

WCAP-16996-P/WCAP-16996-NP, Volumes I, 11, and III, Revision 0, Subsection 2.3.1, “LOCA Scenario
Specification,” identifies distinct periods that are used to characterize each LOCA sub-scenario. These
periods also used to identify and rank participating phenomena in the proposed PIRT. When discussing the
10 CFR 50.46(b) acceptance criteria for emergency core cooling systems for light-water nuclear power
reactors in WCAP-16996-P/WCAP-16996-NP, Volumes I, 11, and III, Revision 0, Section 30.1, “Statistical
Methodology Roadmap,” the applicant states that the last two criteria, 10 CFR 50.46(b)(4) “Coolable
geometry” and 10 CFR 50.46(b)(5) “Long-term cooling”, are typically “satisfied outside the LOCA analysis
once the LOCA calculation is demonstrated to be in compliance with the first three criteria.” Section 32.3.1
“Regulatory Position 4, "Estimation of Overall Calculational Uncertainty"” further explains that
Westinghouse methodology used to satisfy the long-term cooling criterion defined in 10 CFR 50.46(b)(5) is
unaffected by the use of best-estimate techniques for the short-term transient calculation.”

Phenomena germane to long-term cooling can have important impact on LOCA safety analyses. Thus,
NUREG-0800 Standard Review Plan Section 15.6.5, “Loss-of-Coolant Accidents Resulting from Spectrum of
Postulated Piping Breaks within the Reactor Coolant Pressure Boundary,” requires analyses of both
LBLOCAs and SBLOCAs performed to identify the timing for boric acid precipitation. Another phenomenon
is re-plugging of the loop seals by SI water as recognized in Subsection 2.3.2.9 “Pump.” The long-term
cooling phase is not identified as a separate period in the general LOCA characterization provided in
Subsection 2.3.1, “LOCA Scenario Specification.” It is also not included as a separate LOCA in the
FSLOCA PIRT provided in Table 2-1, “PIRT for Full Spectrum LOCA for Westinghouse and Combustion
Engineering Plants.” Please explain why such a period is not considered in the proposed FSLOCA PIRT and
if the WCOBRA/TRAC-TF2 evaluation model is applicable for post-LOCA long-term cooling analysis.

In the context of long term cooling, the NRC staff finds that use of WCOBRA/TRAC-TF2 should be limited
only to demonstration that sufficient coolant ( i.e. in excess of boil-off) is added to the core to maintain it
covered with two-phase mixture and keep fuel temperatures acceptably low during the long term after core
quench. Since the FSLOCA methodology does not treat boric acid precipitation, long-term cooling can not be
completely addressed with this methodology. Therefore, the long-term cooling criterion defined in 10 CFR
50.46(b)(5) can not be stated as being satisfied by application of the FSLOCA methodology. Accordingly,
this will be a limitation applied to this methodology.

Response:

As stated in Section 1.2.1, “the scenario being addressed by the FSLOCA methodology is a postulated loss of
coolant accident that is initiated by an instantaneous rupture of a reactor coolant system (RCS) pipe. The
break type considered is either a double-ended guillotine, defined as a complete severance of the pipe
resulting in unimpeded flow from either end, or a split break, defined as a partial tear. The break size
considered for a split break ranges from the break size at which the break flow is beyond the capacity of the
normal charging pumps up to a size equal to the area of a double ended guillotine rupture”

The PIRT developed in Section 2 is intended to be comprehensive and therefore to cover the same power
plant classes included in the previous methodology (ASTRUM). This includes Westinghouse designed

3- and 4-loop plants with ECCS injection into the cold legs, Westinghouse designed 2-loop plants with
upper plenum injection (UPI) and Combustion Engineering designs”

The FSLOCA methodology was designed to support the short term of a LOCA event, which for a Large
Break LOCA event (FSLOCA Region II) corresponds to a complete quench of the core. For smaller breaks
(Region I) the transient is terminated after the boil-off is terminated and core is recovered essentially by the
injection of the accumulators. Therefore the long-term cooling phase was not identified as a separate period in
the general LOCA characterization provided in Subsection 2.3.1.
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The methodology was NOT intended to be applicable to a longer time frame which would include the
identification of the timing for boric acid precipitation for example and consistently the long-term cooling
phase was not identified as a separate period in the general LOCA characterization provided in Subsection
2.3.1 (the PIRT).

On the other hand phenomena such as tube re-plugging of the loop seals were considered as a possibility
during the “short term” as stated in Section 2.3.2.9 for intermediate breaks where the broken loop accumulator
or SI water could conceivably backflow during the second phase of this scenario.

Although the PIRT did not explicitly identify long term cooling as a separate phase, the WCOBRA/TRAC-
TF2 code models, their assessment, and conclusions on the model biases and uncertainties are aimed to be as
generic as possible. However, it is recognized that the methodology is not applicable to the long term cooling
period, and it is consistent with the Staff’s conclusion that the use of the Evaluation Model should be limited
only to demonstration that sufficient coolant, i.e. in excess of boil-off, is added to the core to maintain it
covered with two-phase mixture and keep fuel temperatures acceptably low during the long term after core
quench. The FSLOCA methodology does not treat boric acid precipitation, and long-term cooling cannot be
completely addressed with this methodology. Therefore, the long-term cooling criterion defined in 10 CFR
50.46(b)(5) cannot be stated as being satisfied by application of the FSLOCA methodology.

However, there is no apparent reason to restrict the code only to cases where the loop seals do not refill,
because this phenomenon was considered in the PIRT and could also occur in the near term for some scenario
or breaks. For example Figure 27.3.3-9 shows the loop seal replugging (loop 2) at about 2600 seconds for
DLW reference transient while other loops (Figure 27.3.3-8 and 27.3.3-10) do not show the replugging.
Therefore, the code is capable of predicting the phenomenon if appropriate conditions exist.
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Question 8: SBLOCA Boundary and Region-I to Region-1I Boundary

The proposed Westinghouse FSLOCA methodology includes any break size causing a leakage beyond the
capacity of the normal charging pumps up to and including a double ended guillotine rupture with a break
flow area equal to two times the pipe area. WCAP-16996-P/WCAP16996-NP, Volumes I, 11, and III,
Revision 0, Section 2.3.1 “LOCA Scenario Specification,” identifies three different LOCA sub-scenarios with
regard to break area: small breaks, intermediate breaks, and large breaks. Subsection 2.3.1.3 “IBLOCA
Periods Specification” clarifies that the IBLOCA break sizes, although somewhat plant dependent, generally
range from 10-inch to 13.5-inch equivalent diameter (0.55 ft* to 1.0 ft*). A proposed hybrid position for
treatment of break type and size, described in Subsection 29.2.3 “Break Type, Split Break Area and Break
Flow Model Uncertainty Methodology,” divides the full spectrum of break sizes in two contiguous regions
identified as Region-I and Region-II. |

]*¢ The subsection further explains that break sizes historically classified as
intermediate breaks are included in both Region I and Region II. Thus, “Region-I provides coverage of what
typically are defined as Small Break LOCA scenarios and stretch into Intermediate Break LOCA whereas
Region-II starts from Intermediate Break size and include what typically are defined Large Break LOCA
scenarios” as stated in WCAP-16996-P/WCAP-16996-NP, Volumes I, II, and III, Revision 0, “Executive
Summary”.

WCAP-16996-P/WCAP-16996-NP, Volumes I, II, and III, Revision 0, Section 31.3, “Analysis of Results for
Region I,” presents a demonstration analysis of the FSLOCA methodology for a selected three-loop
Westinghouse PWR. Subsection 31.1.1 “Break Area Ranges” employs a mechanistic model using WCT-TF2
to determine the minimum small break as [

1*¢ As discussed in Subsection 2.3.1.3, IBLOCAS generally range from 10-inch to
13.5-inch equivalent diameter (0.55 ft* to 1.0 ft* or 13.2 percent to 24.2 percent cold leg area). Please explain
if there is inconsistency with regard to the intended coverage of the entire SBLOCA range in Region-I as
proposed in the FSLOCA methodology.

To assess the adequacy of the proposed position for applying the uncertainty analysis to the full break
spectrum and related treatment of the break size, the staff needs the following additional information. Please
explain if an approach for determining an upper limiting break size for SBLOCAs, based on major controlling
plant characteristics, has been considered for the FSLOCA methodology. The staff finds that the break size,
selected to separate Region-I from Region-II, lacks relevant evidence to governing LOCA phenomena
inherent to and defining the major LOCA categories. The staff finds it important that the upper break
boundary for SBLOCA is based on phenomenological considerations that allow for the determination of such
boundaries based on the scaling of major contributing parameters, such as reactor coolant system volume,
power level, etc., on a plant specific basis. Accordingly, any division of the entire break spectrum into sub-
regions in the uncertainty analysis should be based on similar considerations. Please address these items for
the FSLOCA methodology.

Response:

There are two main topics embedded in the question. The first topic is to determine if there is an
inconsistency regarding the intended coverage of the entire small break loss-of-coolant accident (LOCA)
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range in Region-I vs. the as-analyzed range. The second topic is to clarify if the upper limiting break size for
small break LOCA based on major controlling plant characteristics has been considered. These topics are
addressed herein.

The intent of the two Regions is to develop probabilistic statements with respect to peak cladding temperature
(PCT) and maximum local oxidation (MLO) for the possible break sizes within each region of the spectrum.

The key distinction between Region-I and Region-II is |

]a,c

From Table 29-1 in WCAP-16996-P (Reference 1), there is |
1™ (the breaks in consideration here are the

Split breaks). As such, there are no gaps at the boundary between the two Regions. This is further
demonstrated by looking at the break sizes sampled for the demonstration analysis (plant | 1*) in
Section 31 of WCAP-16996-P (see also Table Q8-1 at the end of the response). The largest effective break
area sampled in Region-I (calculated using Equation 31-1 in WCAP-16996-P) is |

¢ . The smallest effective break area in Region-II (calculated using Equation 31-3 in WCAP-
16996-P) is | 1. As seen, there is an inconsequential gap [ 1
between the largest Region-I effective break area and the smallest Region-II effective break area. It is also
observed that |

] a,c

The boundary between Region-I and Region-II |

] a,c

Based on the above, the statements in WCAP-16996-P related to small and intermediate breaks falling within
Region-I is |
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] a,c

For Westinghouse NSSS plants, |

] Within the range of volume-to-power ratio, a lower volume-to-
power ratio will tend to result in a smaller, small break size being limiting; likewise a higher volume-to-power
ratio will tend to result in a larger, small break size being limiting. This is due to a higher power resulting in
more vapor generation, which results in a slower depressurization and reduced safety injection, and/or due to
a lower volume resulting in a deeper core uncovery.

The four-loop plants have the highest volume-to-power ratio, but also have [ 1™
Therefore, |
1™ The 2-loop and 3-loop plants have similar volume-to-power ratios, |

]a,c

There are two three-loop plant break spectrum studies presented in Section 27. These will be discussed further
to show the potential impact of [ 1*¢. This will
be followed by a review of the demonstration analysis.

e Break Spectrum Study 1 ([ 1)

The pressure response for the small and intermediate breaks executed is shown in Figures 27.1.1.3-2 and
27.1.1.2-3, respectively, of WCAP-16996-P. Both figures include the 8-inch break for comparison. The
figures show that the 8-inch break [

] a,c

e Break Spectrum Study 2 (| 1™

The pressure response for small and intermediate breaks is shown in Figures 27.1.2.3-1 and 27.1.2.2-3,
respectively, of WCAP-16996-P. Both figures include the 8-inch break for comparison. The figures show
that the 8-inch break [
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] a,c

e Demonstration Analysis

To demonstrate the effect of Region-I vs. Region-II on PCT, several cases from the demonstration
analysis are presented in Table Q8-1. These cases are the Region-I cases near the Region-I/II boundary
and the Region-II cases with an effective break area less than 1 ft*. As seen from Table Q8-1, [

] ac

In summary, the Regions cover the intended break size ranges, and the Region I/II boundary is defined with
controlling plant characteristics in mind.

Table Q8-1: Results Comparison Near Region I/ II Boundary from Demonstration Analysis

Break Area Effective Break Effective Break
Region RUN Multiplier CDV2 CDP2 PCT (F) Area (ft2) Diameter (in)

Reference

1. WCAP-16996-P, “Realistic LOCA Evaluation Methodology Applied to the Full Spectrum of Break
Sizes (FULL SPECTRUM™ LOCA Methodology),” November 2010.
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Question 10: LOOP vs. RCPs Operating

If LOOP is assumed at break time, please justify that this assumption is appropriate since LOOP at time of
pressurizer low/low-pressure trip setpoint produces a more severe result for SBLOCA. Furthermore, if there
is no LOOP during SBLOCA, what is the limiting break size and location with PCT identified, using the
FSLOCA methodology? How is the emergency operating procedure trip timing modeled including operator
error and uncertainty when simulating SBLOCAs with RCPs running? Please explain and show the break
spectrum with RCPs running. Furthermore, it is not clear that cold leg breaks are always the limiting location
as stated in Section 2.3.1, “LOCA Scenario Specification,” given the effects of operating RCPs during the
event. With RCPs operating, the limiting break may be a hot leg break. Please also describe any changes to
the models for key SBLOCA phenomena that are impacted if RCPs are operating for SBLOCAs. In addition,
please explain why the PIRT did not specifically include SBLOCA phenomena with the RCPs running. In
this regard, it is explained in WCAP-16996-P/WCAP-16996-NP, Volumes I, 11, and III, Revision 0, Section
2.3.1 “LOCA Scenario Specification” that “the availability of the RCPs following reactor trip is considered,
so variability in the pump trip time does exist.”

Response:

LOOP Assumption
[

a,c

RCP Trip Time
[
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]a,c
[
]a,c

Break Spectrum
[

a,c

|
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Hot Leg Considerations

[

]a,c

Modeling Changes

[

] ac

PIRT

[

]a,c
References:

1. WCAP-16996-P, “Realistic LOCA Evaluation Methodology Applied to the Full Spectrum of Break
Sizes (FULL SPECTRUM LOCA Methodology),” November 2010. (Westinghouse Proprietary)

2. WCAP-9584, “Analysis of Delayed Reactor Coolant Pump Trip During Small Loss of Coolant
Accidents for Westinghouse Nuclear Steam Supply Systems,” August 1979. (Westinghouse
Proprietary)

3. OG-110, “Evaluation of Alternate RCP Trip Criteria,” September 1983.

4. 0G-117, “Justification of Manual RCP Trip for Small Break LOCA Events,” March 1984.

5. EGG-LOFT-5480, “Four-inch Equivalent Break Loss-of-Coolant Experiments: Posttest Analysis of
LOFT Experiments L3-1, L3-5, (PUMPS OFF), and L3-6 (PUMPS ON),” October 1981.
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Question 11: Loop Seal Behavior

Loop seal clearing is a major physical phenomenon that controls PCT for small break LOCAs.
Integral test data shows that for break sizes lass than 5-inch equivalent diameter in the discharge
cold leg, only one loop seal clears. And for example, for Semiscale Test S-O7-10D, there is also
residual water remaining in the horizontal section of the suction legs that clear. Furthermore,
loop seal clearance following small breaks is very difficult to predict with T/H codes and as such,
modeling break sizes less than 5-inch diameter should only credit the clearing of one loop seal.
Table 31.3-1b shows the limiting PCT to be 906 °F for Case 059. Case 059 predicted three loop
seals clearing. Test data shows that break sizes less than 5-inch diameter do not exhibit more than
one loop seal clearing. Please repeat the analysis for Case 059 with only one loop seal cleared.
Also, if residual water remains in the horizontal section, how is the vapor flow area in this region
modeled and computed? Please explain. In addition, please describe if the hot leg nozzle gaps
and core barrel leak paths are credited. Please repeat 059 with the nozzle gaps and core barrel
leakage paths closed. What is the impact of these assumptions on the Beaver Valley Region |
break spectrum, particularly the limiting small break as identified in Question 9?

Response:

Loop Seal Clearing Observed in ROSA-IV LSTF Tests

The Rig-of-Safety Assessment Number 4 (ROSA-IV) program conducted a series of experiments
to investigate the thermal-hydraulic behavior of a Westinghouse-designed four-loop PWR during
small break LOCAs and operational transients using the Large Scale Test Facility (LSTF). The
LSTF is a 1/48 volume scale representation of a Westinghouse four-loop 3423 MWt Pressurized
Water Reactor (PWR). The Westinghouse FSLOCA program specifically incorporated the
ROSA-IV test facility in its assessment of the WCT/FT-2 code in Section 21 of Reference 1 due
to the scaling relative to a Westinghouse four-loop PWR. A review of the tests performed at this
facility indicates that break sizes less than a 5-inch equivalent break size may clear multiple loop
seals. For example, for the 2.5% Cold Leg Break orientation studies (Reference 4), multiple loop
seal clearings, either partial or full clearing, were observed as demonstrated by the measured loop
seal differential pressures shown in the following figures taken from Reference 4.
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ROSA-IV LSTF 2.5% Cold Leg Break Test SB-CL-01
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ROSA-IV LSTF 2.5% Cold Leg Break Test SB-CL-02
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— — a.C
ROSA-IV LSTF 2.5% Cold Leg Break Test SB-CL-03
In addition, there is evidence of multiple loop seal clearing, at least for a partial duration of the
transient, in the 0.5% Cold Leg Break orientation studies (Reference 5) as well.
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Therefore, the statement regarding test facilities only clearing single loop seals for breaks below
S-inches is not clearly supported by available test data.

Loop Seal Clearance Observed in Semiscale Tests S-07-10 and S-07-10D

Per Reference 2, Semiscale test S-07-10 and S-07-10D simulated a 10% equivalent cold leg break
(~8.7-inch) without emergency core coolant (ECC) (until elevated core heater rod temperatures
were achieved) to determine the system behavior leading to and accompanying dryout and
heat-up of a core during a small break transient. This break size is equivalent to an accumulator
line break in a PWR. The break was located on the centerline of the broken loop cold leg
between the pump and the vessel. Test S-07-10D differed from test S-07-10 in that the broken
loop steam generator was allowed to blow down throughout the transient.

The major features of Mod-3 version in which experiment S-07-10D was performed are:

e Full scale elevation

e 1:1705.5 volume scale

e Maintained component layout and relative elevations of various components between
plant and test facility

o Full length (3.66m) 5x5 electrically-heated rods

e External downcomer

e Full length upper plenum and upper head with simulated reactor internals

e High-pressure and low-pressure coolant injection pumps and accumulator injection in
intact loop

e Pressure suppression system simulating the containment response.

Per Table 3 of Reference 2, it is indicated that for test S-07-10 the intact loop pump suction piping
cleared first, followed by the broken loop. For test S-07-10D, only the intact loop pump suction
piping was predicted to clear. As noted in the report, the non-symmetric behavior between the
intact and broken loop is attributed to differences in pump characteristics, loop hydraulic
resistances and steam generator heat transfer and condensation.

The first two figures presented below (Figures 20 and 21 from Reference 2) compare the
measured cold leg fluid densities upstream of the break for Tests S-07-10 and S-07-10D. Figure
20 indicates that there is little vapor venting through the broken loop for Test S-07-10D (plugged
during most of the transient) and the broken loop vents later in the transient for Test S-07-10.
Figure 21 shows that the measured vessel side fluid density is very similar for both tests and
indicates that venting occurred through the intact loop seals from approximately 120 seconds
onward.
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Figure 20. Comparison of fluid density measurements between the broken loop
pump and break for Tests $-07-10 and $-07-10D.
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Figure 21. Comparison of fluid density measurements between the break and
vessel for Tests S-07-10 and S-07-10D.

The test results indicate that the intact loop pump suction retains slightly more residual water
following the loop seal clearing in Test S-07-10D as compared to S-07-10 (Figure 28 of
Reference 2). The broken loop pump suction piping did not clear for Test S-07-10D (Figure 29 of
Reference 2).

The primary observation from these two tests is the suppression of the broken loop seal from
clearing and the delayed prediction of the intact loop seal clearing in Test S-07-10D which is
attributable to the blowdown of the broken loop steam generator. In addition, makeup flow which
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was to be terminated at transient initiation actually continued for 150s into the transient for test
S-07-10D which could also have contributed to some of the residual water in the pump suction
piping of the broken loop.
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Figure 28, Calculated collapsed liquid levels in the intact loop
pump suction for Tests $-07-10 and 5-07-10D.
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Figure 29. Calculated collapsed 1iquid levels in the broken loop
pump suction for Tests $-07-10 and 5-07-100.

WCT/TF-2 loop seal model validation

The loop seal clearing validation work performed for the WCOBRA/TRAC-TF2 (WCT-TF2)
code utilized in the FULL SPECTRUM LOCA (FSLOCA™) is documented in Section 18 of
Reference 1. Based on this work, the FSLOCA™ approach adopted is to not restrict loop seal
clearing to a single loop. This is also supported by the results of the test series cited previously
(Semiscale Test S-07-10) which indicate the occurrence of multiple loop seal clearing with the
intact loop seal clearing first. The ROSA-IV LSTF 2.5% and 0.5% cold break tests, References 4
and 5, further support this modeling approach.
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The WCT-TF2 loop seal clearing validation section describes the important phenomena and
available experiments used to assess the performance of the WCT-TF2 code. The important
aspects of the loop seal clearing process are noted to depend on the following factors:

e Core steam generation rate
e Bypass steam flow rate through various vent paths
e Rate of accumulation of liquid in the pump suction piping

Various experiments (both air/water and steam/water) have shown that the basic physical process
is controlled by:

o The extent to which a stratified flow regime can be maintained in the horizontal leg
e The degree to which liquid pushed into the downstream vertical leg can be entrained out
of the loop seal

Review of the experiments indicates that the loop seal behavior can be explained in terms of three
regimes. These are:

e Droplet entrainment
e  Wave Instability and Vertical CCFL
e Slug/Oscillatory

The effect of scale was also assessed. |

] a,c

Two ROSA tests (1/48 volume scale) were examined, followed by scaled loop seal experiments |

1™ (Reference 3), and full-scale (Reference 6)). The scaled tests were
utilized to highlight the important physical and scaling features of the loop seal clearing process.
Finally, WCOBRA/TRAC-TF2 simulated large scale UPTF tests (References 7 and 8) to assess
the models and correlations in the code. The factors considered to be important for the
assessment of the UPTF loop seal predictions are as follows:

e Overall loop seal pressure drop as a function of steam flow
e Liquid distribution in the loop seal as a function of steam flow

The validation work performed with the UPTF full-scale steam-water test, (Section 18.3 of
Reference 1) |

]a,c
Westinghouse 3-loop plant loop model
[
]a,c
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Case 059 and loop seal clearing

As noted in Figure 31.3-7 of Reference 1, |
]a,c AS
seen in Figure 31.3-7 of Reference 1, this implies that |

] a,c

Modeling of bypass flow paths

] a,c

Modeling of horizontal pump suction piping in FSLOCA

Residual water in the horizontal loop seal regions are predicted following loop seal clearing. The
interfacial drag in the stratified flow directly controls the time period for the loop clearance and
the level of residual water in the loop seal. It is recognized that the vapor flow in this region
involves multi-dimensional/complex liquid flow and to model it using a one-dimensional model
completely mechanistically is not possible (Reference 8). However, as discussed earlier, the
remaining residual water in the horizontal section of the loop seal and the pressure losses
(resistance) over the loop seal are relatively well simulated using WCT-TF2 (Section 18.3 of
Reference 1).

The WCT-TF2 flow regime maps and the calculation of interfacial areas in the one-dimensional
components are discussed in Section 4.4 of Reference 1.

The horizontal stratified flow and wavy dispersed flow is discussed in Section 16 of Reference 1.
An improved horizontal flow regime map is included in the 1D module of WCOBRA/TRAC-TF2
to expand the applicability of the code to small break LOCA scenarios. The 1D module is based
on the TRAC-PF1 formulation. TRAC-PF1 shortcomings are identified and improvements were
implemented with a revised model which better describes the conditions expected in a PWR
during postulated LOCA scenarios. The improved model includes a hybrid transition criterion for
the transition from horizontal stratified flow to non-horizontal stratified flow, |
1™ A wavy-dispersed

model, |

1" which in TRAC-PF1/MOD? is applied
generically regardless the orientation of the pipe. A detailed discussion on the flow regime,
transition criteria and applicability can be found in Section 4 of Reference 1.

At the relatively low flow rates associated with the break size range of small break LOCA, the
horizontal two-phase flow is expected to be in the horizontal stratified or wavy-dispersed flow
regimes most of the time. Once flow regime is identified to be horizontal stratified or
wavy-dispersed, the appropriate closure relations are selected for the interfacial area, the
interfacial drag, and the interfacial heat transfer. The selection criterion for either the horizontal
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stratified or wavy-dispersed flow regimes is discussed in Section 4 of Reference 1, while Sections
5 (interfacial and wall drag) and 6 (interfacial heat transfer) of Reference 1 provide the closure
relationships associated with these flow regimes. Scaling and applicability of those models were
also discussed in these sections. Section 16 of Reference 1 compares the void fraction prediction
for horizontal stratified flow with relevant test data to assess the stratified flow interfacial drag
model, wall drag model, and influence of inlet and outlet boundaries.

[

] a,c

Loop seal clearing effect on Beaver Valley Region 1

The effect of loop seal clearing behavior on the Beaver Valley Region I break spectrum will be
discussed in the response for RAI Question 9.
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Question 13: Decay Heat Multiplier/Sampling

It is not clear how the decay heat multiplier is computed. Please provide a detailed explanation of the
methods used to compute the nominal decay heat curve and then show how the uncertainty is computed as a
multiplier (multiplication factor) applied to the total decay heat. Choosing an initial multiplier and applying it
throughout the entire transient is not considered realistic or justified. Decay heat multipliers less than 1.0 are
not considered acceptable. There are many decay chains comprising the total decay heat and as such, the
applied decay heat multiplier during the transient should be sampled between 1.0 and the upper 2-c level. ©
may change with time but this must be justified. Furthermore, use of the 1979 American Nuclear Society
(ANS) decay heat standard (as well as all other standards) may not be appropriate for best-estimate
determinations because the data from the standard was not developed for best-estimate determinations other
than Appendix K ‘type “ assessments and analysis. Lastly, it is not clear how one determines the nominal
curve using the ANS standards. In view of these concerns, please describe an approach that accounts for all
known uncertainties in arriving at a decay heat curve that represents the nominal plus the upper 2-c interval.

Response:

The response to RAI-21 (LTR-NRC-13-33 [2]) describes the WC/T-TF2 implementation and validation of the
nominal decay heat power according to the ANS 1979 Standard [3] calculation method. The response to RAI-
22 (LTR-NRC-13-33 [2]) describes the WC/T-TF2 implementation and validation of calculation of decay
heat power uncertainty ANS 1979 Standard [3] calculation method. The application of decay heat uncertainty
is detailed in the response to RAI-28 (LTR-NRC-13-33 [2]).

The decay power uncertainty methodology samples a multiplier to the standard deviation of the decay power
uncertainty. The absolute decay power associated with this uncertainty changes as a function of time after
shutdown according the ANS 1979 standard [3], which is considered adequate for the best estimate LOCA
analysis [4]. Decay power multipliers less than 1.0 can be sampled if the sampling is consistent with the
uncertainty distribution. As stated in the ANS 1979 Standard [3], *“...the uncertainty is expressed in a
statistical sense as one standard deviation in a normal distribution.” Therefore, it is appropriate to sample
from the normal distribution with the standard deviation as formulated in the standard.

RG 1.157 [4] states that the ANS 1979 standard [3] is adequate for use in best estimate LOCA analysis.
WCOBRA/TRAC-TF2 (WC/T-TF2) decay heat power model is described in Section 9 of [1] and in the
response to RAIs 20 through 28 in detail. The validation confirmed that the model in WC/T-TF2 is an
accurate implementation of the ANS 1979 standard and thus is adequate for use in FSLOCA.

The uncertainty in the contribution from actinides is conservatively accounted for in the FSLOCA method as
described in the response to RAI-26 [2]. |

1€ It is therefore concluded that the decay heat power and its
uncertainty are conservatively modeled in WC/T-TF2 for the purpose of Best Estimate LOCA analysis.

References:
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Question 14: Number of SBLOCA Cases Sampled: | 1

What is the basis for the [ 1™ chosen for the SBLOCA Region-I sample size described in
WCAP-16996-P/WCAP-16996-NP, Volumes I, 11, and 111, Revision 0 Subsection 30.3.1 “Tolerance Intervals
and Sample Size?” Given the PCT and oxidation criteria, at least 124 cases are necessary to properly capture
the limiting break with the 95/95 probability statement. However, given the concerns with regard to resolving
the worst break as discussed above in Question 11, please either propose a strategy that incorporates a
deterministic identification of the worst break or propose additional sampling cases that will always capture
this worst break size. If a sampling approach is chosen, it should be shown to identify the same limiting break
size as that for the deterministic approach.

Response:

In the FSLOCA methodology, [

] a,c

10 CFR 50.46 requires that “[...] uncertainty must be accounted for, so that, when the calculated ECCS
cooling performance is compared to the criteria set forth in paragraph (b) of this section, there is a high level
of probability that the criteria would not be exceeded.”

In addition to clarifying that 95% is sufficient for “high probability,” Regulatory Guide 1.157 explains that
“[...] The revised paragraph 50.46(a)(1)(i) requires that it be shown with high probability that none of the
criteria of paragraph 50.46(b) will be exceeded, and is not limited to the peak cladding temperature criterion.
However, since the other criteria are strongly dependent on peak cladding temperature, explicit consideration
of the probability of exceeding the other criteria may not be required if it can be demonstrated that meeting
the temperature criterion at the 95% probability level ensures with an equal or greater probability that the
other criteria will not be exceeded.”
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] a,c

Aspects of this question that refer to the deterministic identification of a worst break will be addressed in the
response to Question 12,
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Question 15: SBLOCA Upper Limit Break Size

The upper limit to the break size in Region-I [ 1™ The
small break spectrum should include break sizes up to approximately 1.0 ft*. This upper limiting small break
needs to be identified and justified. A small break spectrum that ends at | 1€ is missing the

remaining portion of the small break spectrum. As such, use of the selected | 1™ break as an upper

limit is inappropriate. Furthermore, the upper limit should be scaled based on power and plant physical
characteristics such as volume. For example, a 0.15 ft* break for a high power and large RCS volume plant
will produce the same result as that for a smaller break size for a plant with a lower power and a smaller RCS
volume with all other inputs being scaled correspondingly. Please identify and justify the small break
spectrum and show how the small break spectrum upper limit changes with proper scaling of key plant
parameters (power and volume).

Response:

See response to Question 8.
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Question 16: Long-Term Cooling Restriction

The staff does not agree that the WCAP 16996-P/WCAP-16996-NP, Volumes I, 11, and III, Revision 0,
FSLOCA methodology completely satisfies the long-term cooling requirement even if it addresses
50.46(b)(1) through 50.46(b)(5) criteria. To satisfy criterion 50.46(b)(5), the prevention of boric acid
precipitation should be addressed and shown to be prevented for all break sizes. This is currently done using
Appendix K models and analyses. Boric acid precipitation was not addressed in the WCAP 16996-P/WCAP-
16996-NP, Volumes I, I, and III, Revision 0, FSLOCA methodology. Therefore, the staff will restrict the use
of the FSLOCA methodology to only addressing criteria 1 through 4. The FSLOCA methodology should, of
course, demonstrate that, once the core temperature have been reduced to an acceptably low temperature, the
FSLOCA thermal hydraulic analysis predicts that the injection exceeds boil-off after core quench and
therefore the core remains covered with two-phase mixture. It must also be demonstrated that the loop seals
do not refill with liquid and depress the level into the core during the long term. The WCAP 16996-P/
WCAP-16996-NP, Volumes I, 11, and III, Revision 0, FSLOCA methodology document in Section 2.3.2.9
“Pump” and in Section 31.3 “Analysis of Results For Region I’ explains that |

1*¢ Show this behavior and demonstrate that during the long-term cooling phase heat up does not
cause reheating of the fuel cladding.

Response:

See the response to related Question 7.
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Question 17: Swelled or Two-Phase Mixture Level versus Collapsed Level

The WCAP-16996-P/WCAP-16996-NP, Volumes I, Il and Ill, Revision 0, mentions the collapsed
liquid level in many assessments and analysis. It is important to emphasize that the key parameter
determining core uncovery and heat up is the two-phase mixture level. That is, the same liquid
level could have different mixture levels and rates of attendant heat up. Therefore, all calculations
should show the two-phase mixture level versus time as the key figure of merit for small breaks and
not the liquid level. Please describe how this mixture level is determined for all small breaks.
Describe the treatment of steam cooling heat transfer and heat up in the cell containing the two-
phase mixture surface. How is the vapor superheat computed when the two-phase mixture surface
is very near the bottom of the cell? Do all cells containing saturated liquid, regardless of whether
the cell contains the two-phase mixture surface, treat the vapor as saturated also? Since T/H codes
can artificially entrain liquid from the surface and expel drops into the upper vapor region of the
core, please explain and demonstrate that liquid drops are not artificially expelled into the vapor
region during long-term uncovery of the core for small breaks. Please explain what is done in the
code to prevent such behavior in the WCOBRA/TRAC-TF2 vessel model.

Response

As described in Section 7.2 of WCAP-16996-P (Reference 17-1), the heat transfer regime selection
logic is determined based on [

17° A small break loss-of-coolant accident (SBLOCA) will tend to
move laterally through the heat transfer regime map shown in Figure 7.2-3 of WCAP-16996-P, (i.e.,
from the pre-CHF regimes to single phase vapor (SPV), rather than pre-CHF to annular/film boiling).
This requires good accounting of the two-phase mixture level location in a given channel and cell,
as well as the vapor temperature and steam cooling above the two-phase mixture level.

The response to this question is segregated as follows. First the determination of the two-phase
mixture level in WCOBRA/TRAC-TF2 is discussed. This is followed by a discussion of the vapor
temperature and heat transfer to vapor above the two-phase mixture level. Lastly, prevention of
entrainment above the two-phase mixture level is discussed.

Two-Phase Mixture Level

It is recognized that the two-phase mixture level is a key figure of merit for a SBLOCA transient.
However, as discussed in Section 13.3 of WCAP-16996-P, [

]a,c
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Vapor Temperature and Steam Cooling
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]a,c

Conclusion

[

]a,c
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Figure 17-1: Pictorial Representation of Vapor Fraction Sharpener
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Figure 17-2: Comparison of Vapor Fraction Resolution to Estimate the Two-Phase
Mixture Level
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Figure 17-3a: Vapor Temperature and Vapor Fraction Profile Comparison for run012
when Mixture Level is in a Cell
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Figure 17-3b: Vapor Temperature and Vapor Fraction Profile Comparison for run059
when Mixture Level is in a Cell
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Figure 17-4: Entrainment Fraction Profile from run059 of Demonstration Analysis at
Various Times Before, During and After PCT Time
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Figure 17-5a: Entrainment Fraction Profile from run012 of Demonstration Analysis
Before PCT Time
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Figure 17-5b: Entrainment Fraction Profile from run012 of Demonstration Analysis
Before PCT Time
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S
Figure 17-5c: Entrainment Fraction Profile from run012 of Demonstration Analysis
Near PCT Time
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Figure 17-5d: Entrainment Fraction Profile from run012 of Demonstration Analysis
After PCT Time
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Figure 17-6a: Heat Transfer Mode for Conduction Nodes in Hot Assembly Cell 13 for
run012
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Figure 17-6b: Heat Transfer Mode for Conduction Nodes in Hot Assembly Cell 14 for
run012
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Figure 17-6¢c: Heat Transfer Mode for Conduction Nodes in Hot Assembly Cell 15 for
run012
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Figure 17-7a: Heat Transfer Mode for Conduction Nodes in Hot Assembly Cell 11 for
run059
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Figure 17-7b: Heat Transfer Mode for Conduction Nodes in Hot Assembly Cell 12 for
run059
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Figure 17-7c: Heat Transfer Mode for Conduction Nodes in Hot Assembly Cell 13 for
run059
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4

Figure 17-7d: Heat Transfer Mode for Conduction Nodes in Hot Assembly Cell 14 for
run059
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Figure 17-7e: Heat Transfer Mode for Conduction Nodes in Hot Assembly Cell 15 for
run059
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Appendix 17-A: Approximated Two-Phase Mixture Level Plots
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Question 18: HPSI Curve Basis and Uncertainty
Please explain how the HPSI curve is generated for SBLOCA analyses and show that the
uncertainty in pressure and flow is accounted for based on the HPSI surveillance measurements.

Show a representative HPSI curve used in the FSLOCA SBLOCA evaluation and explain how it
relates to the surveillance head and flow measurement considering and including all uncertainties.

Response:
All Safety Injection (SI) curves utilized in the Full-Spectrum Loss of Coolant Accident

(FSLOCA) plant analyses, including the high pressure safety injection (HPSI) curves, are based
on the minimum safety injection flow characteristics. [

]a,c

Curve Development Methodology

In general, the following method is used to define the minimum HPSI pump curve used to
generate minimum emergency core cooling system (ECCS) flows for the small break LOCA
analyses. The utility and Westinghouse co-operatively define a base pump performance curve
which bounds the performance of the operating pumps at the station. The utility and
Westinghouse also agree on an amount to reduce the base pump curve in order to develop the
analysis pump curve; the amount of the reduction is typically on the order of 5-10% of the HPSI
pump design developed head. The analysis minimum flow rates are then based on the analysis
pump curve. The utility then takes the analysis pump curve, modifies it to account for
uncertainties associated with surveillance test measurements and diesel generator speed
uncertainties, and compares the modified curve to the surveillance test results to ensure the pump
exceeds what was used in the LOCA analysis. The method of adjusting the analysis pump curve
for diesel generator speed is consistent with WCAP-17308-NP (References 1 and 2).

The analysis pump curve is adjusted to account for uncertainties in measurement of pump
developed head and pump flow rate, as discussed below.

Pump Developed Head Measurement Uncertainty

The pump developed head is the difference in static pressure head (PH), velocity head (VH), and
elevation head (EH) across the pump (Equation 1). Therefore, the uncertainty in AH will be the
combined uncertainty in the measurement of these values. In general, this measurement
uncertainty will be a function of the flow rate and different values will be applied at different
points on the pump curve.
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2 2
AH:E(PD_Ps)"‘M"'(ZD_Zs) Equation 1
P 2g
where:
p = fluid density, Ib/ft’
g = gravitational acceleration, ft/sec”
Pp = pump discharge pressure, psig
Ps = pump suction pressure, psig
Vp = pump discharge velocity, ft/sec
Vs = pump suction velocity, ft/sec
Zp = pump discharge pressure sensor elevation, ft

N
7
I

pump suction pressure sensor elevation, ft

The total uncertainty in pump head is the square root of sum of the squares (SRSS) of the
composite terms, as discussed below.

1. Uncertainty in measured pressure head, APHM
The uncertainty in pressure head is associated with the uncertainty in suction and
discharge pressure measurements. Since the suction and discharge pressure
measurements are made independently of each other, and there are no error effects that
affect both instruments, the overall differential pressure uncertainty is taken as the suction
and discharge pressure error combined by SRSS.

2. Uncertainty in measured velocity head, AVHM
The uncertainty in velocity head is associated with the uncertainty in pump flow
measurement. As conservatism, the velocity head error is found by calculating the
velocity head with the discharge and suction velocity terms biased with the velocity error
such that the velocity head is maximized. The velocity head error is much smaller than
the pressure head uncertainty and can be ignored without significant impact.

3. Uncertainty in measured elevation head, AEH
This is the error associated with the elevation of the suction and discharge pressure
measurements. There is no error associated with this term.

4. Total uncertainty in measured pump head, AHM
The total uncertainty in pump head is taken as the SRSS of the uncertainty in pressure
head measurement and velocity head measurement (Equation 2).

AHM = /(APHM)? + (AVHM)? Equation 2
where:
AHM = measurement uncertainty in pump head, ft
APHM = measurement uncertainty in pump pressure head, ft
AVHM = measurement uncertainty in pump velocity head, ft
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Pump Flow Rate Measurement Uncertainty

The pump flow rate is typically measured by summing the measured flow rates of one or more
paths; for example, the total pump flow rate may be the combination of the ECCS header flow
plus the reactor coolant pump (RCP) seal injection flow rate. Since the flow measurements are
independent, the overall flow measurement is the SRSS of the uncertainties of the individual
measurements (Equation 3).

AQMT = \/(AQM1)2 + (AQM2)2 + -+ (AQMi)2 Equation 3
where:
AQMT = measurement uncertainty of total pump flow rate, gpm
AQM1 = measurement uncertainty of flow rate in path 1, gpm
AQM2 = measurement uncertainty of flow rate in path 2, gpm

AQMi

measurement uncertainty of flow rate in path i, gpm
Determination of Pump Variation Due to Flow Measurement Variation

The pump developed head varies with pump flow rate. Therefore, there is an uncertainty in pump
developed head associated with the uncertainty in measured flow rate. The rate of change of
pump AH with respect to flow is a function of the flow rate. The uncertainty in pump AH due to

S . A
flow measurement uncertainty is calculated by Equation 4. Note that the absolute value of %QH)

is used in the equation.

d\AH Equation 4
AHQ = d(aH) AOMT
do
where:
AHQ = uncertainty in pump developed head due to flow uncertainty, ft
—d;AQH ) = rate of change of pump developed head with flow, ft/gpm

Uncertainty in Pump Head due to Uncertainty in Diesel Generator Speed

The uncertainty in pump head due to uncertainty in diesel generator speed (AHS) is calculated
using the methodology defined in WCAP-17308-NP.

Overall Pump Head Uncertainty
The overall pump head uncertainty is the SRSS of the uncertainty in pump developed head

measurement, the uncertainty in pump developed head due to uncertainty in flow measurement,
and the uncertainty in pump head due to the uncertainty in diesel generator speed (Equation 5).
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AHT = \[(AHM)? + (AHQ)? + (AHS)? Equation 5

The surveillance criteria ensures/adjusts the analysis pump curve to account for the overall pump
head uncertainty.

Example FSLOCA HPSI Curves

Example HPSI injection curves, calculated by utilizing the aforementioned methodology, are
provided in the following figures. Figure 1 presents the HHSI flow for |
1> whereas

Figure 2 presents the HHSI flows for |
1™ The methodology utilized to generate these curves bounds the operation of the pumps at the
station.
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Question 19: SBLOCA Axial Power Shape

Please provide the axial power shapes in the FSLOCA SBLOCA evaluations and explain how they are
generated and sampled in the evaluation. In addition, please show the limiting axial power shape for the
limiting SBLOCA size.

Response:

1.0 SBLOCA Power Distributions

The axial power shapes analyzed in the V. C. Summer example plant analysis for the small break region
are provided in Figure RAI-19-A. In the example analysis for the small break region, only three
transients exhibited core uncovery and a corresponding cladding temperature heatup. The power shapes

associated with these cases are presented as bold, dashed lines in Figure RAI-19-A.

2.0 Process to Generate Power Distributions

The PSHAPE code uses a [ ™ to calculate the power shapes used within the FULL
SPECTRUM™ LOCA (FSLOCA ) Evaluation Model (EM). The following sections provide a
description of the [ ]*° and the process used by PSHAPE to calculate a power shape.
21| 1™

[

]a,c

WCAP-16996-NP-A November 2016 NP-107
Revision 1


rudakem
Typewritten Text

rudakem
Typewritten Text

rudakem
Typewritten Text

rudakem
Typewritten Text
]

rudakem
Typewritten Text

rudakem
Typewritten Text
a,c


A-115

WCAP-16996-NP-A

Westinghouse Non-Proprietary Class 3

LTR-NRC-13-37 NP-Attachment

November 2016
Revision 1

NP-108

a,c


rudakem
Typewritten Text

rudakem
Typewritten Text
]

rudakem
Typewritten Text
[

rudakem
Typewritten Text
a,c


A-116

WCAP-16996-NP-A

Westinghouse Non-Proprietary Class 3

LTR-NRC-13-37 NP-Attachment

November 2016
Revision 1

NP-109


rudakem
Typewritten Text
]

rudakem
Typewritten Text
[

rudakem
Typewritten Text
a,c


A-117

WCAP-16996-NP-A

Westinghouse Non-Proprietary Class 3

LTR-NRC-13-37 NP-Attachment

November 2016 NP-110
Revision 1


rudakem
Typewritten Text
]

rudakem
Typewritten Text
[

rudakem
Typewritten Text
a,c


A-118

WCAP-16996-NP-A

Westinghouse Non-Proprietary Class 3

LTR-NRC-13-37 NP-Attachment

November 2016 NP-111
Revision 1

a,c


rudakem
Typewritten Text
]

rudakem
Typewritten Text
[

rudakem
Typewritten Text
a,c


A-119

WCAP-16996-NP-A

Westinghouse Non-Proprietary Class 3

LTR-NRC-13-37 NP-Attachment

November 2016 NP-112
Revision 1

a,c


rudakem
Typewritten Text
]

rudakem
Typewritten Text

rudakem
Typewritten Text
[

rudakem
Typewritten Text
a,c


A-120

WCAP-16996-NP-A

Westinghouse Non-Proprietary Class 3

LTR-NRC-13-37 NP-Attachment

November 2016
Revision 1

NP-113

ac


rudakem
Typewritten Text
]

rudakem
Typewritten Text

rudakem
Typewritten Text
[

rudakem
Typewritten Text
a,c


A-121

WCAP-16996-NP-A

Westinghouse Non-Proprietary Class 3

LTR-NRC-13-37 NP-Attachment

November 2016 NP-114
Revision 1

]a,c


rudakem
Typewritten Text
]

rudakem
Typewritten Text
[

rudakem
Typewritten Text
a,c


A-122

WCAP-16996-NP-A

Westinghouse Non-Proprietary Class 3

LTR-NRC-13-37 NP-Attachment

November 2016
Revision 1

NP-115

a,c


rudakem
Typewritten Text
]

rudakem
Typewritten Text
[

rudakem
Typewritten Text
a,c


A-123

WCAP-16996-NP-A

Westinghouse Non-Proprietary Class 3

LTR-NRC-13-37 NP-Attachment

November 2016 NP-116
Revision 1

a,c


rudakem
Typewritten Text
]

rudakem
Typewritten Text
[

rudakem
Typewritten Text
a,c


A-124 LTR-NRC-13-37 NP-Attachment
Westinghouse Non-Proprietary Class 3

] ac

Step 3a: Shape Accepted
If shape passes all of the above checks, it is judged to be an acceptable shape.

Step 3b: Shape Rejected
If the shape was rejected for any of the above checks, |

WCAP-16996-NP-A November 2016 NP-117
Revision 1


rudakem
Typewritten Text
a,c

rudakem
Typewritten Text

rudakem
Typewritten Text

rudakem
Typewritten Text
[


LTR-NRC-13-37 NP-Attachment

A-125
Westinghouse Non-Proprietary Class 3

]a,c

3.0 Comparison of Sampled to Predicted Power Distributions for V. C. Summer

The following illustration is provided based on V. C. Summer to compare the analyzed axial power
distributions compared to those predicted by the core design.

Maximum baseload (without uncertainty) axial power distributions were generated at beginning-of-cycle
(BOC), near BOC, middle-of-cycle (MOC), and end-of-cycle (EOC) burnups. These distributions are
compared to the sampled distributions in Figure RAI-19-B; it can be seen that |

]a,c

Representative transient shapes were then generated following the Westinghouse relaxed axial offset
control (RAOC) methodology which envelope any transients expected during reactor operation. These
transient distributions were then increased to include the maximum uncertainty, and a subset of these
transient shapes based on the MOC cases are compared against the analyzed power distributions in
Figures RAI-19-C (initial negative offset) and RAI-19-D (initial positive offset). It can be seen that |

]a,c

4.0 Conclusions

The as-submitted sampling approach for the axial power distributions assumes that [
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Figure RAI-19-A
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Figure RAI-19-B Range of Axial Power Distributions for the V. C. Summer Small Break
LOCA Example PWR Analysis Compared to Steady-State Distributions
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Figure RAI-19-C Comparison of MOC Axial Shapes with Maximum Uncertainty for
Transient Event with Initial Negative Offset to Analyzed Axial Power
Distribution Range for V. C. Summer
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Figure RAI-19-D Comparison of MOC Axial Shapes with Maximum Uncertainty for
Transient Event with Initial Positive Offset to Analyzed Axial Power
Distribution Range for V. C. Summer
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Figure RAI-19-E Fq Histogram for Full Power points of Load Follow Maneuver for sample
plant included in the Code Qualification Document (CQD); Solid Line
Indicates Uniform Range Assumed
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Figure RAI-19-F
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F¢ Histogram for All Power points of Load Follow Maneuver for sample
plant included in the CQD
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Figure RAI-19-G
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F¢ Histogram for Full Power points of Load Follow Maneuver for 6
combined CAOC plants; Solid Line Indicates Uniform Range Assumed
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Figure RAI-19-H
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F¢ Histogram for All Power points of Load Follow Maneuver for 6
combined CAOC plants
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Figure RAI-19-1
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F¢ Histogram (3-Loop RAOC Plant) for full power points of all Condition I
maneuvers (only transient conditions included). Solid Line indicates the
uniform range assumed for corresponding Best-Estimate LOCA (BELOCA)

Analysis
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Figure RAI-19-J
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F¢ Histogram (3-Loop CAOC Plant) for full power points of all Condition I
maneuvers (only transient conditions included). Solid Line indicates the
uniform range assumed for corresponding BELOCA Analysis

November 2016 NP-128
Revision 1

a,c



A-136 LTR-NRC-13-37 NP-Attachment
Westinghouse Non-Proprietary Class 3

Figure RAI-19-K F¢ Histogram (4-Loop CAOC Plant) for full power points of all Condition I
maneuvers (only transient conditions included). Solid Line indicates the
uniform range assumed for corresponding BELOCA Analysis
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Figure RAI-19-L F¢ Histogram (4-Loop RAOC Plant) for full power points of all Condition I
maneuvers (only transient conditions included). Solid Line indicates the
uniform range assumed for corresponding BELOCA Analysis
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Question 9: Worst SBLOCA

The WCAP-16996-P/WCAP-16996-NP, Volumes |, II, and Ill, Revision 0, Section 29.2.3 “Break
Type, Split Break Area and Break Flow Model Uncertainty Methodology,” proposes a position
for the treatment of the break type and size [

]*¢ Section 29.2.3 claims that “this approach provides
an adequate coverage of all possible LOCA scenarios” and Section 30.1 “Statistical
Methodology Roadmap” asserts this is done [

]*¢ According to Section 30.5
“Overview of Full Spectrum LOCA Statistical Procedure (ASTRUM-FS)”, when generating a
representative sample of the LOCA scenarios population, [

1*¢ WCAP-16996-
P/WCAP-16996-NP, Volumes I, Il and Ill, Revision 0 Section 31.3, “Analysis of Results for
Region |,” presents a demonstration analysis of the FSLOCA™ methodology for a selected
three-loop Westinghouse PWR. For Region I, the break area is sampled between [

]a,c

To assess the appropriateness of the proposed position in the FSLOCA methodology regarding
SBLOCA resolution and treating the worst break size in Region |, please present the results
from an additional analysis for the demonstration three-loop Westinghouse plant (V. C. Summer
(CGE)) examined in Section 31.3. In this analysis, please assume that the examined breaks
range from 2.0-inch to 6.0-inch equivalent diameter (0.022 ft* to 0.196 ft* or 0.5 percent to 4.8
percent break area), [

]*¢ Please present the updated Figures 31.3-4 to 31.3-7 and
Tables 31.3-1a and 31.3 1b to illustrate the obtained results. If this approach does not
guarantee adequate resolution of the worst break, please consider an alternative method as
discussed in the following paragraph. Please be aware that for some plants the PCT can

FULL SPECTRUM™ and FSLOCA™ are trademarks of Westinghouse Electric Company LLC, its affiliates and/or its subsidiaries in
the United States of America and may be registered in other countries throughout the world. All rights reserved. Unauthorized use is
strictly prohibited. Other names may be trademarks of their respective owners.
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increase by a few hundred degrees Fahrenheit when the break size changes from 0.05 ft? to
0.06 ft>. Thus, it has been shown for some plants that the PCT can increase by approximately
100 °F for a small break area increase of 0.005 ft* so that the 0.055 ft break PCT is higher than
both the 0.05 ft* and 0.06 ft* break. This limiting break is characterized by an RCS pressure
that just depressurizes to a pressure within several psi of the safety injection tank (SIT)
actuation pressure. Because such behavior characterizes most plants, it is necessary to
resolve the size of the worst break controlled entirely by the HPSI injection only. While this low
range of small break sizes is most pronounce under Appendix K analysis assumptions, it still
needs to be evaluated in the best estimate space since future increased power levels and linear
heat generation limits will also produce such a temperature spike for such a small break
window. The included figure illustrates the described PCT behavior. In addition, sometimes this
worst break size can be just slightly larger than that at which SIT injection is prevented. In this
case, a small amount of injection after a deeper core uncovery can often lead to the worst break
because SIT injection quickly terminates with only a small increase in core level as the RCS
pressure can quickly increase with the small level change.

To assess the appropriateness of the proposed position in the FSLOCA methodology regarding
SBLOCA resolution and treating the worst break size in Region |, please present the results
from an additional analysis for the three-loop Westinghouse plant examined in Section 31.3. In
this analysis, please assume that Region | breaks range from 2.0-inch to 6.0-inch equivalent
diameter (0.022 ft* to 0.196 ft? or 0.5 percent to 4.8 percent break area) and vary the break in
increments of 0.2 inch. Please perform the analysis assuming nominal values for all remaining
sampled parameters including the break discharge coefficients. In addition, show the effect of
key parameter variations from the nominal values over this detailed range and present the
updated Figures 31.3-4 to 31.3-7 and Tables 31.3-1a and 31.3-1b using the obtained results.

In both approaches the Region | [

]a,c

Please also show the spectrum evaluation for the Beaver Valley Unit 1 three-loop PWR plant
considered in WCAP-16996-P/WCAP-16996-NP, Volumes I, Il, and Ill, Revision 0, Section 26.3
“Beaver Valley Unit 1 Nuclear Power Plant” and compare the break spectrum results with the
Appendix K more limiting analysis.
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Figure: lllustration of PCT Response to Break Size Variation for Appendix K SBLOCA
Analysis

Response:

The sampling of the break area as a random parameter (break spectrum) for the purpose of a
best-estimate loss-of-coolant accident (LOCA) analyses is currently employed in licensed
methodologies in the industry and has a regulatory precedence. For example, the break type
(double-ended guillotine of the cold leg (DEGCL) vs. Split) is sampled in the ASTRUM
Evaluation Model (EM) (WCAP-16009-P-A [1]), which covers the large break LOCA spectrum,
and for the Split breaks, the break area is also sampled. In other words, the break area is
assumed to be a random parameter in the uncertainty analysis for the purpose of demonstrating
with “high probability” that the 10 CFR 50.46 limits are not exceeded. As stated in Section
3.3.1.1 of the ASTRUM EM Safety Evaluation Report (SER), the staff reviewed the break
sampling approach and found it acceptable.

Region Il of the FSLOCA™ EM essentially follows the same approach considered in the
ASTRUM EM with the only difference being the lower bound of the break spectrum is now set to
[ ]*, instead of the generic value of 1 ft.

For Region |, a similar approach to the Split breaks of Region Il was considered. The intent is to
develop a probabilistic statement with respect to peak cladding temperature (PCT) and
maximum local oxidation (MLO) for the possible break sizes within that region of the spectrum.
The rationale is that the break size at the onset of a LOCA event is unknown, and therefore a
stochastic variable considered in the analysis. The probabilistic statement is correct, as long as
the code is shown to be capable of predicting all possible scenarios adequately within the
spectrum (Region | in this case).

The second part of the RAI 9 focuses on this “code capability” aspect, recognizing that the
limiting break sizes could be confined within a small sub-region of Region |. An equivalent in
mechanics (vibrations) is the small resonance region within the spectrum of possible forcing
functions.

The approach in this response is therefore the following:
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1) Restate the reasoning of sampling break size as a random variable, which as stated
above has regulatory precedence

2) Demonstrate code capability of predicting limiting scenarios within the spectrum of break
sizes.

Given the complexity of the response and recognizing that the current focus of the response is
limited to the second item above, Westinghouse discussed this topic with the Staff on December
3 and 4, 2012 and February 21 and 22, 2013. The response here provides an extension to the
information presented at those meetings.
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As stated previously, sampling break size has regulatory precedence, with the break size being
a legitimate random variable during a LOCA event. The limiting scenario is predicted to the

extent of its probability weight within the spectrum of possible break sizes, and the sampling
methodology is selected to [

]a,c
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PWR: Error Factor Adjusted Results
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Figure A: LOCA Frequency as a Function of Break Diameter (Figure 7.37 of NUREG-1829
V1[2])
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Figure B: LOCA Frequency as a Function of Break Diameter (taken from Los Alamos
National Lab presentation, May 9, 2012 ACRS transcripts [3])

To demonstrate code capability of predicting limiting scenarios within the spectrum of break
sizes, the following studies were performed using a different 3-loop plant from that used for the
demonstration analysis:

A. A deterministic break study from [ PCto]

]*© in increments of [ 1°° with as-coded models (i.e., no
uncertainty or bias applied)

B. Same deterministic break study performed in A, but with the core interfacial drag
uncertainty parameters (YDRAG) set to [ 1?°, respectively, and the high pressure
single-phase vapor heat transfer coefficient multiplier (SPV2_MULT) set to [ 7%
both are used to force a more severe core uncovery. This study will demonstrate the
code’s capability to predict the impact of decreasing the key parameters which control
level swell and heat transfer to vapor, respectively.

C. Same deterministic break study performed in B, but forcing loop seal clearing of the
broken loop by deepening the loop seals of the two intact loops. This study will show the
impact of “controlling” the loop seal clearing behavior by forcing the clearing of the
broken loop.

D. Same deterministic break study performed in B, but forcing the multiplier on the criterion
for transition to stratified flow to be at its lowest allowed sampled values (Study D-1) or
the highest allowed sampled value (Study D-2).
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The following provides a discussion based on the calculation results.

Study A: Base Case
Figure 1 presents the PCT and number of loop seals venting vapor at the time of PCT versus
equivalent break diameter. The following observations are made: [

]a,c

Study B: Biased Case
Figure 2 presents the PCT and number of loop seals venting vapor at the time of PCT versus
equivalent break diameter. The following observations are made: [

]a,c

Study C: Biased Case Plus Force Broken Loop, Loop Seal Clearing
Figure 3 presents the PCT and number of loop seals venting vapor at the time of PCT versus
equivalent break diameter. As seen from the figure, [

]a,c
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Study D-1: Biased Case Plus HS SLUG=[
Figure 4 presents the PCT and number of loop seals venting vapor at the time of PCT versus
equivalent break diameter. As seen from the figure, [

]a,c

Study D-2: Biased Case Plus HS_SLUG=][
Figure 5 presents the peak cladding temperature versus equivalent break diameter. As seen
from the figure, the results are very similar to Study B, which suggests that [

]a,c

Based on the observations, further investigation and discussion on the effects of loop seal
clearing behavior was performed. The [

]a,c

The following is provided in response to the request of comparing the break spectrum results
with an Appendix K type analysis.
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Comparison with Appendix K Analysis

The results from an Appendix K analysis are compared to the results of Study B. The
comparison is performed to determine if similar trends in break size are observed as in the
Appendix K method. This is shown in Figure 6. In the break sizes of interest, Study B does
follow a similar trend as the Appendix K method, and due to the limiting nature of the
Appendix K analysis, the PCTs of Study B are much lower.

Conclusion
With the FSLOCA evaluation method, [

]a,c
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Figure 1: Peak Cladding Temperature vs. Break Diameter for Study A (Base Case)

Figure 2: Peak Cladding Temperature vs. Break Diameter for Study B (Biased Case)
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Figure 3: Peak Cladding Temperature vs. Break Diameter for Study C (Loop Seal Case)

Figure 4: Peak Cladding Temperature vs. Break Diameter for Study D-1 (HS_SLUG=[
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a,c

Figure 5: Peak Cladding Temperature vs. Break Diameter for Study D-2 (HS_SLUG=[ 1)

EN

a,c

J

Figure 6: Peak Cladding Temperature vs. Break Diameter for Study B and Appendix K Analysis
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Figure 7: Peak Cladding Temperature and Collapsed Liquid Level of the Hot Assembly

vs. Time, Study B [ ]*° Break
Figure 8: Peak Cladding Temperature and RCP Speed vs. Time, Study B | e
Break
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Figure 9: Comparison of Study B and Study C Peak Cladding Temperature vs. Time,

[
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Figure 10: Comparison of Study B and Study C Vessel Mass vs. Time, [

WCAP-16996-NP-A

Break

November 2016
Revision 1

]a,c

NP-16

a,c

a,c



A-154 Westinghouse Non-Proprietary Class 3 LTR-NRC-13-45 NP-Attachment

Figure 11: Comparison of Study B and Study C RCS Pressure vs. Time, [ 1*°
Break

Figure 12: Comparison of Study B and Study C Total Vapor Flow through Loop Seals vs.
Time, [ 1€ Break
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Figure 13: Comparison of Study B and Study C Vapor Velocity through Individual Loop
Seals vs. Time, [ 1?° Break

Figure 14: Comparison of Study B and Study C Void Fraction in Horizontal Section of
Individual Loop Seals vs. Time, [ 1?° Break
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Question 12: Worst Break Sampling

The small break spectrum for many PWRs will show the limiting small break to be in the range
from 0.05 ft* to 0.2 ft? in the cold leg (3.03 inch to 6.06 inch). Depending on the axial power
distribution, SIT pressure, core power (decay heat), and HPSI injection flow capacity, PCTs can
increase significantly within a small window of break sizes of plus or minus 0.01 ft* to 0.005 ft2.
In this break range, the worst break size is the largest small break that does not actuate SITs as
the RCS depressurizes to values just slightly above the SIT actuation pressure (within a couple
psi). Sampling the break spectrum in Region-Il as it is described in WCAP-16996-P/WCAP-
16996-NP, Volumes |, I, and Ill, Revision 0, Section 29.2.3 “Break Type, Split Break Area and
Break Flow Model Uncertainty Methodology” will not adequate resolve this detail or identify this
worst break. Break sizes of plus or minus 0.005 ft in the above range about this break size,
which is often thought to be limiting but identified with too coarse a spectrum of analyzed
breaks, can show an increase of 100°F - 200°F when the worst break is found. The concern is
that the proposed approach for Region | is not adequate in identifying this limiting break. [

]*¢ Either much more sampling is required or this break should
be first found deterministically assuming nominal initial conditions and then statistics is applied
appropriately for a spectrum of sizes about this peak to assure the limiting break is found. Since
power level is a key ingredient driving the PCT, use of the current power levels may not show
this distinct peak or narrow spike behavior. As such, please find this break size for the Beaver
Valley demonstration plant and increase the thermal power by 15 percent — 20 percent to show
future expected behavior for possible power uprates using the FSLOCA methodology. This
analysis should allow only one loop seal to clear if the break size is less than 5 inches. For this
analysis, please use a decay heat multiplier with an upper 2-c multiplier. For the purpose of
finding this limiting break size, the limiting conditions for PLHGR, core power (decay heat
nominal plus 2-c), limiting top skewed shape, minimum HPSI head flow curve, one loop seal
cleared, no hot leg nozzle gap and core barrel leakage paths open, and closed upper head
venting should be assumed. This question is closely related to Question 9.

Response:

See response to Question 9. In addition, [

]a,c
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Question 20: *U, 28U, and **Pu Decay Heat Uncertainty Fits to ANS 5.1-1979

Decay heat is an important factor in the analysis of postulated LOCAs and ECCS performance evaluation
and an accurate assessment of both the decay heat and its uncertainty is necessary. WCAP-16996-
P/WCAP-16996-NP, Volumes I, II and III, Revision 0, Section 9.2, “Decay Heat Source,” explains that
WCOBRA/TRAC-TF2 solves the time-dependent decay activity differential equation accounting for >**U
thermal, *’Pu thermal, and ***U fast fissions. The energy yield constants are weighted by the appropriate
fission rate fractions as a function of initial enrichment and burnup within WCOBRA/TRAC-TF?2.
Section 9.2 states that the WCOBRA/TRAC-TF2 decay heat model was benchmarked against the
ANSI/ANS 5.1-1979 Standard. Results of decay heat for **U computed by WCOBRA/TRAC-TF2 and
using the American Nuclear Standards Institute (ANSI)/ANS 5.1-1979 Standard are presented in
Table 9-2, which shows that the difference between the values calculated from both approaches is
geggligible for decay time up to 10” s. The section also states that similar comparisons exist for ***Pu and
U.

The decay heat uncertainty modeling in WCOBRA/TRAC-TF?2 is discussed in WCAP-16996-P/WCAP-
16996-NP, Volumes I, II and III, Revision 0, Section 9.7, “Decay Heat Uncertainty Evaluation,” which
explains that WCOBRA/TRAC-TF2 models decay heat uncertainty through the use of pseudo-isotope
energy yield augmentation factors generated using a least squares fit to the uncertainty data provided in
ANSI/ANS 5.1-1979. The section claims that the results, as provided in Table 9-14, “provide a
conservative representation of the standard’s quoted uncertainties.” Although Table 9-14 presents the
computed factors, a description of the uncertainty modeling equations and their implementation in
WCOBRA/TRAC-TF?2 is not provided. Please provide the equations used in WCOBRA/TRAC-TF?2 to
compute the decay heat uncertainties for the considered isotopes and explain how the individual
uncertainties are used in predicting the overall decay heat uncertainty in plant analyses.

Response:

Equation 9-2 of WCAP-16996-P Revision 0 is solved by WCOBRA/TRAC-TF2 to determine the time
dependent decay heat power for a given pseudo-isotope. This equation is as follows:

= DH' = a;(%p¢) — [;DH' (1)

In WCOBRA/TRAC-TF2, the decay heat uncertainty is modeled by [

1™ The total decay heat uncertainty is dependent upon the
cumulative uncertainty contributions due to each of the pseudo-nuclides. Their relative contributions will
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change with burnup and, to a lesser extent, enrichment since the fission fractions of the fissile isotopes
(the w, factors in equation 9-3 of Section 9.2) will change as function of burnup and enrichment.

ANSI/ANS 5.1-1979 requires accounting for the uncertainty in the energy per fission. This uncertainty,
which has been determined in WCOBRA/TRAC-TF2 using uncertainty data from ENDF/B-V, is
convoluted with the decay heat uncertainty. The uncertainty in the prompt energy per fission is a function
of the channel burnup and enrichment since the fission fractions for each of the fissionable isotopes is a
function of these variables. Table RAI-20-1 below provides the fitting data for k and the one sigma
uncertainty in k, 6. Both k and o, are fitted as functions of burnup, enrichment, and H/U ratio.

Section 9.7 of WCAP-16996-P Revision 0 explains that the A; terms in equation (2) were determined
through a least squares fit of the uncertainty data in ANSI/ANS 5.1-1979. Effectively, these A; terms
reproduce, to a high degree of accuracy, the ANSI/ANS 5.1-1979 decay power with 2c uncertainty over
the range of cooling times given in Tables 4-6 of ANSI/ANS 5.1-1979 for the three fissionable isotopes.

From ANSI/ANS 5.1-1979, the decay heat power is given by the following for a single fissionable
isotope:

F(t,T) = ijlg—:e_ritf(l — eliT) (3)

where the summation is over the 23 pseudo-nuclides, a; and [; are energy yield fraction and decay
constant values from ANSI/ANS 5.1-1979, respectively, T is the operation time (taken to be 10" seconds
in the standard), and t; is the cooling time. Tables 4, 5, and 6 of the standard give decay heat power
values for U-235, Pu-239, and U-238, respectively, for 55 cooling times in each table. Thus, there are
effectively 55 tj values for which the standard provides one sigma uncertainty values. [

WCAP-16996-NP-A November 2016 NP-3
Revision 1


rudakem
Typewritten Text

rudakem
Typewritten Text

rudakem
Typewritten Text

rudakem
Typewritten Text

rudakem
Typewritten Text
a,c


A-160

LTR-NRC-13-33 NP-Attachment

Table RAI-20-1 Fitting Data for k and o,

Term

c*

c

L
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Table RAI-20-1 Fitting Data for k and o,

Term

c*

¢

L
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Question 21:
(***U, #*U, and *’Pu Decay Heat and Uncertainty Comparison to ANS 5.1-1979)

WCAP-16996-P/WCAP-16996-NP, Volumes I, II and III, Revision 0, Section 9.7, “Decay Heat
Uncertainty Evaluation,” in discussing the decay heat uncertainty modeling in WCOBRA/TRAC-TF2,
refers to Figures 9-26 to 9-28 for comparison of “predicted decay heat with uncertainties to the standard
decay heat plus 26 uncertainties” for cooling times from 1 s to 10° s. Figure 9-26 shows the decay heat
for 2°U, Figure 9-27 exhibits the decay heat for *°Pu, and Figure 9-28 plots the decay heat for ***U as
functions of cooling time after shutdown and each plot identifies three data sets. The first data set is
labeled “DH Standard” and the second data set is labeled “DH Standard + 2 Sigma” in all three plots.
The third data set is labeled as “DH Fitted” in Figure 9-26 and as “DH Calculated” in Figures 9-27 and 9-
28.

Please clarify and address, as needed, the following comments related to Section 9.7 and Figures 9-26 to
9-28.

(1) Itis believed that the units for decay heat on the Y-axis in each figure should be “MeV/fission”
(MeV/fission=[MeV/s]/[fission/s]). Instead, the decay heat units appear as “MeV/sec/fission”.

(2) It appears that that Figure 9-26 exhibits the decay heat function Fi(t,T) for thermal fission of ***U,
Figure 9-27 plots F(t,T) for thermal fission of **’Pu, and Figure 9-28 shows F;(t,T) for fast fission of
28U for infinite irradiation time (T=10"" s) in all three plots. However, description for the plotted
quantities is not provided in Section 9.7.

(3) Only two data sets (curves) are seen in each of the plots. A third data set (curve) is not
distinguishable and using symbols to indicate overlapping curves can be used if appropriate.

Please provide updated plots that represent the WCOBRA/TRAC-TF2 decay heat predictions for **°U,
%Py, and **U for decay time from 0.1 s to 10° s. In each plot, please show the standard decay heat
values F;(t,o0) for 25U, #°Pu, and **U as tabulated in ANSI/ANS 5.1-1979 Tables 4, 5, and 6 representing
each value by a symbol with a two-sided Y-error bar corresponding to + 2c uncertainty using the
uncertainty data in the ANSI/ANS 5.1-1979 tables. The uncertainties in both ANSI/ANS 5.1-1979 and
ANSI/ANS 5.1-2005 are currently represented in tabular form for the decay heat functions fi(t) and Fi(t,
o) and values for intermediate times are obtained by interpolation. The included figure presents the
Fi(t,0) ANSI/ANS 5.1-1979 Standard decay heat and uncertainty data for U, **°Pu, and ***U. In each
figure, plot a curve that shows the “nominal” WCOBRA/TRAC-TF2 decay heat prediction as a
continuous function of time and then show two additional curves that represent uncertainties predicted by
WCOBRA/TRAC-TF2 and representing the decay heat “upper bound” (nominal plus 2c) and “lower
bound” (nominal minus 2c). Explain how the code predicts the uncertainties for t < 1 s as no standard
data are provided.
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u Thermal, py Thermal, and U Fast Fission for Irradiation of 10" s
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Figure: ANSI/ANS 5.1-1979 Tabular Data for Standard Decay Heat Power and Uncertainty for Thermal
Fission of 2**U and **°Pu and Fast Fission of U for Irradiation of 10" s

Response:
The following responses pertain to the numbered questions/comments in RAI-21:

(1) The units for decay heat power on the Y-axis in Figures 9-26 through 9-28 should be MeV/fission.

(2) Figures 9-26 through 9-28 display the comparison of decay heat power functions F;(t,T) for thermal
fission of *°U, thermal fission of **’Pu, and fast fission of >**U for infinite irradiation time calculated
with WCOBRA/TRAC-TF2 and the ANSI/ANS-5.1-1979 standard .

(3) See Figures RAI-21-1 through RAI-21-3 for updated plots with more visible lines.

Figures RAI-21-1 through RAI-21-3 provide curves that represent the nominal WCOBRA/TRAC-TF2
decay heat power predictions as continuous functions of time, as well as two additional curves that
represent the decay heat power “upper bound” (nominal plus 2c) and “lower bound” (nominal minus 2c)
for 2°U, *°Pu, and ***U for decay time from 0.1 s to 10° s. In addition, each plot includes the standard
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decay heat power values F;(t,0) for 25U, #°Pu, and **U as tabulated in ANSI/ANS 5.1-1979 Tables 4, 5,
and 6, representing each value by a symbol with a two-sided Y-error bar corresponding to + 2c
uncertainty using the uncertainty data in the ANSI/ANS 5.1-1979 tables.

To calculate the decay heat power uncertainty prior to 1 second after shutdown, Equation 4 of the
response to RAI Question 20 is used.

It is noted that the WCOBRA/TRAC-TF2 code version used to generate the data presented in Figures
RAI-21-1 through RAI-21-3 corrects several errors in the existing configured WCOBRA/TRAC-TF2
code version relevant to this RAI response. The identified WCOBRA/TRAC-TF2 code errors are as
follows:

1. The decay group uncertainty factors (in Table 9-14 of WCAP-16996-P) for >*’Pu are applied to
¥, and the decay group uncertainty factors for **U are applied to >**Pu.

2. The decay group uncertainty factor for Group 6 of **°U is erroneously coded as 2.5% instead of
2.25%.

3. The yield fraction directly from fission (o) for Group 19 of *°Pu is erroneously coded as 5.703E-
11 instead of 5.730E-11.

Figures RAI-21-4 through RAI-21-6 provide the same curves as RAI-21-1 through RAI-21-3, except that
they are produced using a WCOBRA/TRAC-TF2 code version containing the errors described above. By
comparing Figures RAI-21-4 through RAI-21-6 to Figures RAI-21-1 through RAI-21-3, the following
observations are made:

e Error 2 identified above has a negligible impact based on the WC/T Nominal £ 2c lines in
Figures RAI-21-1 and RAI-21-4 (maximum deviation of less than 0.09%).

e Error 3 identified above has a negligible impact based on the WC/T Nominal lines in Figures
RAI-21-2 and RAI-21-5 (maximum deviation of less than 0.07%).

e The WC/T Nominal £ 2c lines in Figures RAI-21-5 and RAI-21-6 show that Error 1 identified
above causes over-prediction of uncertainty in decay power from **’Pu and under-prediction of
uncertainty in decay power from 2**U. Figures RAI-21-7 and RAI-21-8 compare the normalized
1o uncertainty factor with and without the errors as a function of burnup and enrichment
immediately after shutdown. These curves are calculated taking the fission fractions for each
isotope into account. Figure RAI-21-9 shows a comparison of the 5 w/o enrichment curves with
and without the errors. From these figures, it is concluded that this error results in an over-
prediction of decay heat power uncertainty for fuel rods with burnup greater than about 5000
MWD/MTU and positive sampled uncertainty. For fuel rods with burnup less than 5000
MWD/MTU and positive sampled uncertainty, the under-prediction of decay heat power
uncertainty varies from about 0.4% to 0 between about 0 and 5000 MWD/MTU.
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Figure RAI-21-2 Comparison of Decay Heat Power Predictions for Thermal Fission of Pu-239
between ANSI/ANS 5.1 — 1979 Decay Heat Standard and WC/T with Errors
Corrected
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Figure RAI-21-3 Comparison of Decay Heat Power Predictions for Fast Fission of U-238 between
ANSI/ANS 5.1 — 1979 Decay Heat Standard and WC/T with Errors Corrected
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Figure RAI-21-4 Comparison of Decay Heat Power Predictions for Thermal Fission of U-235
between ANSI/ANS 5.1 — 1979 Decay Heat Standard and WC/T with Errors
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Figure RAI-21-5 Comparison of Decay Heat Power Predictions for Thermal Fission of Pu-239
between ANSI/ANS 5.1 — 1979 Decay Heat Standard and WC/T with Errors
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Figure RAI-21-6 Comparison of Decay Heat Power Predictions for Fast Fission of U-238 between
ANSI/ANS 5.1 — 1979 Decay Heat Standard and WC/T with Errors
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Figure RAI-21-7 Comparison of Normalized 16 Uncertainty Factor as a Function of Burnup and
Enrichment with Errors Corrected
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Figure RAI-21-8 Comparison of Normalized 16 Uncertainty Factor as a Function of Burnup and
Enrichment with Errors
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Figure RAI-21-9 Comparison of Normalized 16 Uncertainty Factor for 5 w/o Enrichment as a
Function of Burnup
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Question 22:
(***U, #*U, and *’Pu Decay Heat Uncertainty Comparison to ANS 5.1-1979)

The determination of decay heat uncertainties is an important area and the modeling of decay heat
uncertainty in WCOBRA/TRAC-TF2 is discussed in WCAP-16996-P/WCAP-16996-NP, Volumes I, II
and III, Revision 0, Section 9.7, “Decay Heat Uncertainty Evaluation.” WCOBRA/TRAC-TF2 models
decay heat uncertainty through the use of pseudo-isotope energy yield augmentation factors generated
using a least squares fit to the uncertainty data provided in ANSI/ANS 5.1-1979. The section refers to
Figures 9-23 to 9-25 stating that they “illustrate the fit deviation in both energy and decay heat versus
cooling time.” According to the figure captions, the plots represent “percent fit deviations™ for
ANSI/ANS 5.1-1979 plus 26 for *°U, **°Pu, and **U.

It is seen from Figures 9-23 to 9-25 that the plotted discrepancies exhibit most pronounced deviation
during the first 100 s of cooling time. At the same time, approximately 25% of the residual decay energy
is released in the first 10 s after the fission process ends and about 50% is released by 100 s after fission
(see I. Gauld, “Validation of ORIGEN-S Decay Heat Predictions for LOCA Analysis,” PHYSOR-2006,
ANS Topical Meeting on Reactor Physics, Vancouver, BC, Canada, September 10-14, 2006).

Please explain how the quantity labeled “Deviation” and shown along the vertical Y-axis in Figures 9-23
to 9-25 for cooling time from 10" s to 10° s was computed and define the parameters “energy” and “decay
heat” for which the results were plotted. Please provide updated plots that compare the
WCOBRA/TRAC-TF2 uncertainty predictions for **°U, ***Pu, and **U for cooling time from 0.1 s to 10°
s. In each plot, please show the uncertainty presented as 1+2c and computed using the tabulated o
uncertainty percent values provided in ANSI/ANS 5.1-1979 Tables 4, 5, and 6. The included figure
presents the ANSI/ANS 5.1-1979 Standard decay heat uncertainty data for **°U, ***Pu, and **U. In each
figure, plot a curve that shows the WCOBRA/TRAC-TF2 decay heat uncertainty prediction as a
continuous function of time. Explain how the code predicts the uncertainties for t < 1 s as no standard
uncertainty data are provided. If the WCOBRA/TRAC-TF2 decay heat uncertainty model underestimates
any of the ANSI/ANS 5.1-1979 Standard values, a correction factor needs to be implemented to ensure
that the code calculates uncertainties that are not less than the standard values.
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2y Thermal, py Thermal, and ¥ Fast Fission for Irradiation of 10" s
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Figure: ANSI/ANS 5.1-1979 Tabular Data for Standard Decay Heat Power Uncertainty for Thermal
Fission of 2’U and **’Pu and Fast Fission of **U for Irradiation of 10" s

Response:

The lines designated as decay heat in Figures 9-23 through 9-25 represent the percent deviation between
the WCOBRA/TRAC-TF2 decay heat power predictions in Mev/fission and the standard decay heat
power values Fj(t,00) from ANSI/ANS 5.1-1979 in Mev/fission. The percent deviation is calculated
according to Equation (1).

DHwc/T—DHstandard
/ andard 100 (1)
DHstandard

%DeVDH =

The lines designated as decay energy in Figures 9-23 through 9-25 represent the percent deviation in
decay power integrated over the cooling time between WCOBRA/TRAC-TF2 and the standard decay

heat power values Fj(t,0) from ANSI/ANS 5.1-1979. Specifically, to calculate the decay energy between
any two cooling times, t; and t,:
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DE(t, —t,) = fff DH(t) dt )

Equation (2) produces decay energy results with units of MeV/fission/sec. |

ac

Finally, to obtain the percent deviation given in Figures 9-23 through 9-25, Equations (1) and (7) are used
at each time step for decay heat power and decay energy, respectively.

DEwc/T—DEstandard
%Devpg = 4 fandard 4 100 (7)
DEstandard

Figures RAI-22-1 through RAI-22-3 show the nominal WCOBRA/TRAC-TF2 decay heat power
predictions plus 26 uncertainty as continuous functions of time for *°U, **°Pu, and ***U, presented
normalized to the nominal values. In addition, the ANSI/ANS 5.1-1979 standard decay heat power
uncertainty data for °U, **°Pu, and ***U is presented in the same format.

To calculate the decay heat power uncertainty prior to 1 second after shutdown, Equation (4) of the
response to Draft RAI number 20 is used.

[
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] a,c

As discussed in the RAI-21 and RAI-27 responses, 281 contributes less decay heat than 25U and **°Pu.
As aresult, it is judged that the |

a,.c

]

Based on the decay heat discussion in Section 2.3.2.1 of WCAP-16996-P Revision 0, decay heat is |

]a,c
Additionally, at about 10 seconds, the decay energy deviations for each isotope in Figures 9-23 through 9-
25 of WCAP-16996-P Revision 0 are positive, which indicates that the total decay energy is over-
predicted. The decay energy remains over-predicted until about 400 seconds for **°U, and past 1000
seconds for 2*U and **Pu. [

a,c

]

It is noted that the WCOBRA/TRAC-TF2 code version used to generate the data presented in Figures
RAI-22-1 through RAI-22-3 is the same as that used to generate Figures RAI-21-1 through RAI-21-3 and
thus has the same error corrections described in the response to RAI 21.
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Figure RAI-22-1
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Figure RAI-22-2 Comparison of Decay Heat Power Uncertainty Predictions for Thermal Fission
of Pu-239 between ANSI/ANS 5.1 — 1979 Decay Heat Standard and WC/T
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Figure RAI-22-3 Comparison of Decay Heat Power Uncertainty Predictions for Fast Fission of
U-238 between ANSI/ANS 5.1 — 1979 Decay Heat Standard and WC/T
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Question 23: Burnup Limit in Assessing Kinetics Parameters

WCAP-16996-P/WCAP-16996-NP, Volumes I, II and 111, Revision 0, Section 9, “WCOBRA/TRAC-TF2
Reactor Kinetics and Decay Heat Models,” includes Figures 9-1 through 9-3, Figures 9-5 through 9-15,
and Figures 9-32 through 9-34 that illustrate the dependence of various important physical parameters on
the fuel burnup. With regard to neutron kinetics, WCAP-16996-P/ WCAP-16996-NP, Volumes I, II and
III, Revision 0, Section 9.3, “Fission Heat,” states that WCOBRA/TRAC-TF2 explicitly models the
burnup and initial enrichment dependence of kinetics data. Such data, generated for typical Westinghouse
fuel lattice designs, are presented in Figures 9-5 through 9-14.

In all identified figures, the burnup range is limited to 60 MWD/MTU. Please explain if the application
of the FSLOCA™ methodology is limited by this burnup level. If this is not the case, please show
revised plots that cover the entire expected range of fuel burnup levels.

Response:
Westinghouse fuel is currently licensed to a peak rod burnup of 62,000 MWD/MTU. |

1" In general, the fuel with the highest burnup is modeled on the core
periphery. In typical core loading patterns, high burnup fuel is placed on the core periphery to improve
fuel economy. |

1™ Should Westinghouse seek approval to increase the peak rod burnup beyond
62,000 MWD/MTU at some future time, the adequacy of the fitting parameters and the 0-60,000
MWD/MTU burnup range will be revisited.

FULL SPECTRUM™ and FSLOCA™ are trademarks of Westinghouse Electric Company LLC, its affiliates and/or its subsidiaries in
the United States of America and may be registered in other countries throughout the world. All rights reserved. Unauthorized use is
strictly prohibited. Other names may be trademarks of their respective owners.
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Question 24: Editorial

WCAP-16996-P/WCAP-16996-NP, Volumes I, II and III, Revision 0, Section 9.10, “Generalized Energy
Deposition Model (GEDM) Validation,” refers to Table 9-19 for a comparison |

] Table 9-19 is not
found in WCAP-16996-P Revision 0. It is believed that the referenced table should be Table 9-18 instead
of Table 9-19. Please clarify and correct accordingly.

WCAP-16996-P/WCAP-16996-NP, Volumes I, II and III, Revision 0, Subsection 9.9.2,
“WCOBRA/TRAC-TF2 Fission Energy Accounting,” refers to Table 9-18 with regard to the prompt
fission energy release, radiative capture release, and average fission neutron energy utilized in the
evaluation of the composite prompt energy release per fission. It is believed that the referenced table
should be Table 9-17 instead of Table 9-18. Please clarify and correct accordingly.

WCAP-16996-P/ WCAP-16996-NP, Volumes I, II and III, Revision 0, Subsection 9.9.1, “Actinide Decay
Power,” with regard to physical data for | 1€ used in calculations performed to evaluate the
impact of the total actinide heat source. It is believed that the referenced table should be Table 9-16
instead of Table 9-17. Please clarify and correct accordingly.

Response:

Westinghouse agrees that the items noted in RAI #24 are incorrect. Revisions to reflect the correct cross-
references will be made as part of the overall topical report revision.
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Question 25: Utilized Codes

WCAP-16996-P/WCAP-16996-NP, Volumes I, II and III, Revision 0, Section 9.2, “Decay Heat Source,
explains that WCOBRA/TRAC-TF2 solves the time-dependent decay activity differential equation
accounting for U and **’Pu thermal fission as well as for **U fast fission. The energy yield constants
are weighted by the appropriate fission rate fractions as a function of initial enrichment and burnup within
WCOBRA/TRAC-TF2. It is explained that the fission rate weighting was obtained from detailed physics
evaluations of PWR fuel lattice designs and the results from these evaluations are presented in Figure 9-1
for **U thermal fission and in Figures 9-2 and 9-3 for ***Pu thermal fission and ***U fast fission
weightings, respectively. Thus, WCOBRA/TRAC-TF2 solves for the composite decay heat of the reactor
of interest using the fission rate fractions derived from specific physics calculations for the fuel lattice
design. Please identify the codes used to perform these calculations, explain if they have been approved
by NRC, and provide appropriate references.

WCAP-16996-P/WCAP-16996-NP, Volumes I, 1I and III, Revision 0, Section 9.3, “Fission Heat,” states
that a series of detailed space/energy calculations have been performed for a typical fresh assembly to
quantitatively evaluate fission rate per unit neutron density for water densities that occur during a LOCA
transient. Figure 9-4 shows the calculated coolant density dependence of the macroscopic cross section.
Please identify the codes used to perform these calculations, explain if they have been approved by NRC,
and provide appropriate references. In addition, please identify and explain the values for the physical
parameters “KSF,” “NSF,” and “SIGA” that are used to indentify each of the three curves shown in
Figure 9-4. Which of the results was used to model the fission frequency in WCOBRA/TRAC-TF2?

WCAP-16996-P/WCAP-16996-NP, Volumes I, II and III, Revision 0, Subsection 9.6.2, “GEDM,”
explains that the DOT code was used as the dimensional particle transport code for the examples
presented in this report. Please explain if this code has been approved by NRC and provide appropriate
references.

WCAP-16996-P/WCAP-16996-NP, Volumes I, II and III, Revision 0, Subsection 9.9.1, “Actinide Decay
Power,” explains that detailed calculations have been performed to evaluate the impact of the total
actinide heat source. Please identify the codes used to perform these calculations, explain if they have
been approved by NRC, and provide appropriate references.

Response:

The fission rate fractions and coolant density dependence of the macroscopic cross sections were
generated using a Westinghouse unit cell depletion program (ARK) which evolved from the codes
LEOPARD and CINDER and additionally included a higher order matrix exponential method option for
calculation of depletion isotopics. The references for these codes are provided below:

R. F. Barry, "LEOPARD - A Spectrum Dependent Non-Spatial Depletion Code for the IBM-
7094," WCAP-3269-26, Westinghouse Electric Corporation (September, 1963).

T. R. England, "CINDER - A One-Point Depletion and Fission Product Program," WAPD-TM-
334, Westinghouse Electric Corporation Bettis Atomic Power Laboratory (August, 1962).

LEOPARD and CINDER have not been formally generically approved, but their use has been
documented and licensed in FSAR’s dating back to the 1970’s.

The values for the physical parameters “KSF,” “NSF,” and “SIGA” that are used to indentify each of the
three curves shown in Figure 9-4 are simply the normalization factors for each of the curves. Each curve
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is normalized to a value of 1.0 at a water density of 0.7 gm/cm’. So, for example, the £, curve (“SIGA”)
is normalized using the factor [ 1™ which is the value of £, in units of cm™ at 0.7 gm/crn3.

The fission frequency, which is vkZp, [ 1™ using the specific
curves given in Figure 9-4. The density dependence of the fission frequency, |

1™ the formulation given in Table 9-5. This formulation accounts for the density dependence of
the kX portion of the fission frequency. The average neutron velocity, v, increases as density decreases.
So, the density dependence of vkXr is not the same as the density dependence of KXr.

The DOT code, which was the basis for the DORT code, is a radiation transport code that employs a
standard industry method. Use of DORT has been approved by the NRC in the following topical report:

Anderson, S. L., “Benchmark Testing of the FERRET Code for Least Squares Evaluation of
Light Water Reactor Dosimetry,” WCAP-16083-NP-A, Westinghouse Electric Company, LLC,
May 2006.

In WCAP-16083-NP-A, DORT has the following reference:

RSICC Computer Code Collection CCC-650, “DOORS 3.1, One- Two- and Three-Dimensional
Discrete Ordinates Neutron/Photon Transport Code System,” Radiation Safety Information
Computational Center, Oak Ridge National Laboratory (ORNL), August 1996.

The actinide decay power heat source was determined using actinide number densities generated using the
above-mentioned Westinghouse unit cell depletion program with the matrix exponential method
employed.
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Question 26: Actinides Decay Heat Power

In treating actinide decay heat power, ANSI/ANS 5.1 explicitly considers only decay heat power from
#%U and *Np. These two actinide isotopes are the dominant actinide decay heat for cooling times for
which the standard is routinely applied to calculate decay heat for thermal-hydraulic safety system
analyses. This limitation of the standard necessitates consideration of its augmentation with actinide
values obtained from other calculations as actinide contribution, with >*°U and * 9Np excluded, increases
from approximately 1 percent of the fission product decay heat power after 1 s up to approximately 10
percent after 10° s following shutdown (I.C. Gauld et al., “Proposed Revision of the Decay Heat Standard
ANSI/ANS-5.1-2005,” ORNL Publication No. 24753, October 2011). WCAP-16996-P/WCAP-16996-
NP, Volumes I, IT and III, Revision 0, Subsection 9.9.1, “Actinide Decay Power,” presents results from
detailed calculations performed to evaluate the impact of the total actinide heat source. As seen from
Figures 9-32 and 9-33 |

1™ Please present the analysis
results that quantify the impact of | e
] Identify the assumptions applied in this analysis and
show the results for the predicted actinide power for both cases |
"¢ Ilustrate the impact from major parameters over their
entire range of interest for decay heat predication.

Response:

The actinide decay heat power at any particular core position is dependent upon the power density history
of that core position. The half-lives of ***U and **Np are 0.39 hr and 56.4 hr, respectively. Because the
half-life of **U is relatively short, decay heat due to **U will reach its equilibrium value within a few
hours after a step change in the local power density. This is not the case for *’Np. For **’Np, the decay
heat only approaches its equilibrium value after several days following a step change in local power
density. The decay heat from *’Np represents about 47% of the total decay heat from both isotopes in
equilibrium. Consequently, after any change in local power density, the total actinide decay heat from
both izsscgtopes will lag the equilibrium actinide decay heat primarily because of the lag in the contribution
from “~"Np.

The kinds of peak local power densities that are limiting from a LOCA perspective are caused by non-
equilibrium operation of the core, e.g., due to load follow. Changes in the core power level and core
power distribution cause changes in the core xenon distribution. The result, in the absence of tight reactor
control, is a dynamic reactor response which can lead to highly peaked power shapes. Such power
shapes, however, occur over shorter time scales than the half-life of 2 9Np. The time scale for load follow
is 24 hours. Therefore, a core performing continuous load follow will cycle between peak power
densities over a 24 hour period. The time scale for xenon changes is determined by the half-life of '**Xe,
which is about 9 hours. Consequently, the power shapes and local power densities that are limiting from
a LOCA perspective are not stable and will naturally exist for only a few hours before other dynamic
effects, such as xenon destruction, decay, or production, cause the power distribution to change.

To quantify the decay heat effects of non-equilibrium operation, it is necessary to make assumptions
about the power density history. In the discussion below, the response of the actinide decay heat to a step
change in power density and to power density changes typical of daily load follow will be described. Of
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course, the number of possible power density histories is infinite. The examples provided serve to
illustrate a range of possible decay heat responses relative to the assumption of equilibrium actinide decay
heat.

To quantify the temporal behavior of the 2’U and ***Np decay heat for a power density history, it is useful
to solve the differential equations (9-12) and (9-13) given in Section 9.4 of WCAP-16996-P Revision 0.
These equations are repeated below as equations (1) and (2):

dpP, =

E - Rau[szn(t)] - Aupu(t) (1)

anm, _ AP, (D)ay,

X0 @
where:

vXen(t) = time-dependent fission rate (proportional to power density),

Ay = U decay constant = 4.91E-4 sec™,

A,, = *°Np decay constant = 3.41E-6 sec”,

R(BU, ) = *%U capture-to-fission ratio, function of initial enrichment &, and burnup (BU),
P,(t) = time dependent decay power due to >**U decay,

q, = energy release per **’U decay = 0.474 MeV,

P, (t) = time dependent decay power due to “*Np decay,

q,, = energy release per *’Np decay = 0.419 MeV,

a, = quA, decay power yield per capture (MeV/sec/capture) for 2°U, and

a, = qu, decay power yield per capture (MeV/sec/capture) for 2’Np.

[

a,c

(3)

(4)

Equations (1) and (2) can be readily solved if one assumes a constant fission rate over a short time step
At. If we specify the constant fission rate as Q, the solutions for the time dependent decay powers over
the time step are given by the following expressions:

a,c

(5)

(6)
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] a,c

Suppose a step change in power density is assumed from a relative power density of 1.0 to 1.4, i.e., Q in
the above expression increases instantaneously from a steady state value of 1.0 to 1.4 at time 0 and then
remains at this value. (This is analogous to the local Fo*Power value increasing, e.g., from a steady state
value of 1.8 to 2.52 since 2.52/1.8 = 1.4). Figure RAI-26-1 shows the resulting time dependent decay
heat values for U and *’Np and for the sum of both. [

] are also given. This figure assumes an R value (***U capture/fission ratio) of 0.6, corresponding to low
burnup, high enrichment fuel. As will be shown later, the value for is not important to the relative
difference between |

] a,c

] a,c

The above step change is not a realistic case since such a large increase in local power density above the
natural steady-state value cannot be maintained for such an extended period, i.e., days. A more realistic,
but still conservative, assumption is to assume a periodic variation in power density such as would be
experienced for continuous daily load follow. Figure RAI-26-2 shows four power density (or fission rate)
profiles (i.e., Q(t) profiles) that will be examined to determine how the maximum decay heat experienced
during the load follow day compares with the decay heat value resulting from the |

] a,c

These power profiles correspond to a 12-3-6-3 load follow scheme, i.e., 12 hours at the peak power
density followed by a 3 hour ramp to the minimum power density, followed by 6 hours at the minimum
power density, followed by 3 hour ramp back to the peak power density. This profile mimics a typical
load follow schedule. It is conservatively assumed that the peak Q value remains constant for 12 hours
during the load follow day. This is equivalent to assuming that the peak F(, peaking factor (the peak to
average power density) in the core is maintained at a constant value while the core is at full power.
(Effectively, one can view the power density profiles as having a constant Fq value throughout but with
core power level cycling over a 24 hour period. The power density and the fission rate are proportional to
Fo*Power.) This assumption is conservative since it would be very difficult, due to xenon feedback, to
maintain the local power density at a large non-equilibrium peak value for 12 hours. Also, this kind of
operation would not be consistent with recommended axial power distribution control strategies. For
present purposes, however, [

]2,0

Equations (5) and (6) were used to determine the time dependent decay heat values for an equilibrium
load follow cycle. To achieve equilibrium, the load follow decay heat cycle was repeated until
equilibrium was achieved. A time step size of 1 minute was used. This time step is very small relative to
the time constants for both **U and *’Np and, thus, will generate accurate results. A predictor-corrector
scheme was also used to minimize any error due to the assumption of a constant Q value over the small
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time step. |

] ac

Figure RAI-26-3 show the time dependent decay heat results for the 1.0-0.50-1.0 Q(t) profile. The
maximum decay heat for the load follow cycle occurs at 12 hours, the time at which Q begins to decrease.
This is due to the decrease in the decay heat contribution from U that begins after hour 12. During the
equilibrium cycle, the maximum decay heat value reached 0.492 MeV/fission. |

ac

|

All of the profiles produce results that are qualitatively similar to Figure RAI-26-3. However, the profiles
with larger differences between the maximum and minimum Q values also produce larger decay heat
differences [ ] Table RAI-26-1 compares the
maximum decay heat for all four of the Q(t) profiles. Note that the range of the ratio of the |

17° In actual operation, power profiles with large differences between the maximum and
minimum power densities will tend to be limiting from a LOCA standpoint since these profiles represent
the largest departure from the equilibrium state.

The maximum Q value and power profile are the major parameters affecting the maximum decay heat
value and the |

¢ The other variable that can affect the maximum decay heat is R. Table RAI-26-2 gives decay
heat values for a range of R values. The 1.0-0.50-1.0 profile was assumed for this table. As the table
shows, a higher R increases the decay heat (as expected since more atoms of **’U and **’Np are
produced), but the [

] ac
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Table RAI-26-1
Transient and Maximum Equilibrium Actinide Decay Heat (MeV/fission)
for Four Power Density Profiles

a,c
Note: These decay heat values assume an R value of 0.6.
Table RAI-26-2
Transient and Maximum Equilibrium Actinide Decay Heat (MeV/fission)
L for a 1.0-0.50-1.0 Power Density Profile and Various R Values L
a,c
WCAP-16996-NP-A November 2016 NP-33
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Figure RAI-26-1 Relative Decay Heat for U an d**’Np for a Step Change in Relative Power
Density from 1.0 to 1.4

Note: Equilibrium values are for a Q of 1.4
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Figure RAI-26-2 Q Profiles used for Study of 239U and 239Np Transient Decay Heat

Note: Q is the relative local power density or fission rate where a Q of 1 corresponds to the maximum
power density or fission rate over the cycle. Absolute power density or fission rate values can be
determined by multiplying the profile by the peak power density or peak fission rate over the cycle.
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Figure RAI-26-3 Relative Total Decay Heat (MeV/Fission) for 2**U an d***Np for a Power Density
Profile of 1.0-0.50-1.0
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Question 27: Decay Heat in Demonstration Plant Analyses

WCAP-16996-P/WCAP-16996-NP, Volumes I, II and III, Revision 0 Section 9, “WCOBRA/TRAC-TF2
Reactor Kinetics and Decay Heat Models,” describes the models for heat sources from fission heat,
fission product decay heat, and actinide decay heat. However, the section does not show a calculated
reactor power curve used in any of the analyses discussed in WCAP-16996-P Revision 0.

For the demonstration Westinghouse plant (V. C. Summer) examined in WCAP-16996-P/WCAP-16996-
NP, Volumes I, I and III, Revision 0, Section 31, “Full Spectrum LOCA Demonstration Analysis,”
please present graphs that show the WCOBRA/TRAC-TF2 predicted total residual power relative to the
operating power (total reactor power or local power as appropriate) for the Region I and Region II
limiting cases (Run 059 and Run 119). Use logarithmic scales for both the X-axis showing time after
shutdown or break occurrence from 0.1 s to 10° s and for the Y-axis showing relative power from 10~ to
10°. In each plot, please show with separate curves the residual fission power from the point kinetics
model, the individual decay power contributions accounting for fission product decay power, actinide
decay power, and decay power due to neutron capture by fission products during irradiation using the
ANSI/ANS 5.1-1979 decay heat model, and the resulting total residual power. Present the “nominal”
WCOBRA/TRAC-TF2 decay heat curve along with the upper (nominal plus 2c) and lower (nominal
minus 2c) bounds in the plots. Please include two tables that document all utilized input parameters to
the applied WCOBRA/TRAC-TF2 models to compute the contributing residual powers for both runs as
plotted in the presented graphs (e.g., energy per fission). For each appropriate input parameter, please
show its identifier, units, numerical or logical value, and the way in which the input value was
determined. In the same manner, please document also all relevant uncertainty factors applied for both
runs. Please explain if suggestions contained in NRC Information Notice 96-39, “Estimates of Decay
Heat Using ANS 5.1 Decay Heat Standard May Vary Significantly,” dated July 5, 1996, are of relevance
when determining any ANSI/ANS 5.1-1979 Standard input model parameters for WCOBRA/TRAC-TF2.

Response:
1.0 Description of Figures

Figure RAI-27-1 presents the total residual power, as well as the individual contributions from the point
kinetics model, thermal fission of >°U, thermal fission of **’Pu, fast fission of ***U, actinide decay power,
and power production due to neutron capture for the limiting case (Run 59) of Region I in the
Westinghouse demonstration plant calculations. These curves are all normalized to initial core power,
and they are all calculated using the sampled decay heat power uncertainty value from the demonstration
plant analysis.

Figure RAI-27-2 presents the total residual power for Region I, Run 59, normalized to initial core power.
The Actual Power curve represents the power calculated using the sampled decay heat power uncertainty
value from the demonstration plant analysis. The Nominal Power curve represents the power calculated
using no decay heat power uncertainty, and the Nominal + 26 curves represent the power modeling
nominal = 26 decay heat power uncertainty.

Figures RAI-27-3 through RAI-27-5 present power generated by thermal fission of **°U, thermal fission
of *°Pu, and fast fission of ***U, respectively, for Region I, Run 59. The curves are all normalized to
initial core power. The Actual Power curves represent the power calculated using the sampled decay heat
power uncertainty value from the demonstration plant analysis. The Nominal Power curves represent the
power calculated using no uncertainty, and the Nominal + 26 curves represent the power modeling
nominal £ 26 uncertainty.
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Figures RAI-27-6 through RAI-27-8 present the power calculated with the point kinetics model, the
actinide power, and power production due to neutron capture, respectively, for Region I, Run 59. The
curves are all normalized to initial core power. The Actual Power curves represent the power calculated
using the sampled decay heat power uncertainty value from the demonstration plant analysis. The
Nominal Power curves represent the power calculated using no uncertainty, and the Nominal &+ 2c curves
represent the power modeling nominal &+ 2¢ uncertainty.

The decay heat power uncertainty sampled for Region I, Run 59 is | 1 Therefore, it is
expected that the Actual Power curves in Figures RAI-27-2 through RAI-27-5 show |

1" From Figure RAI-27-2, it can be seen
that the initial deviation between the Actual Power and the Nominal Power is very small; however, as the
fission power becomes less dominant around 100 seconds, the deviation due to decay heat power
uncertainty begins to become more pronounced as decay heat power begins to make up more of the total
power. Itis shown in Figures RAI-27-6 and RAI-27-7 that decay power uncertainties cause negligible
changes to the fission power and actinide power. |

a,c

]

Figure RAI-27-9 presents the total residual power, as well as the individual contributions from the point
kinetics model, thermal fission of >°U, thermal fission of **’Pu, fast fission of ***U, actinide decay power,
and power production due to neutron capture for the limiting case (Run 119) of Region II in the
Westinghouse demonstration plant calculations. These curves are all normalized to initial core power,
and they are all calculated using the sampled decay heat power uncertainty value from the demonstration
plant analysis.

Figure RAI-27-10 presents the total residual power for Region II, Run 119, normalized to initial core
power. The Actual Power curve represents the power calculated using the sampled decay heat power
uncertainty value from the demonstration plant analysis. The Nominal Power curve represents the power
calculated using no decay heat power uncertainty, and the Nominal &+ 2¢ curves represent the power
modeling nominal + 26 decay heat power uncertainty.

Figures RAI-27-11 through RAI-27-13 present power generated by thermal fission of **°U, thermal
fission of *’Pu, and fast fission of >**U, respectively, for Region II, Run 119. The curves are all
normalized to initial core power. The Actual Power curves represent the power calculated using the
sampled decay heat power uncertainty value from the demonstration plant analysis. The Nominal Power
curves represent the power calculated using no uncertainty, and the Nominal + 26 curves represent the
power modeling nominal + 26 uncertainty.

Figures RAI-27-14 through RAI-27-16 present the power calculated with the point kinetics model, the
actinide power, and power production due to neutron capture, respectively, for Region II, Run 119. The
curves are all normalized to initial core power. The Actual Power curves represent the power calculated
using the sampled decay heat power uncertainty value from the demonstration plant analysis. The
Nominal Power curves represent the power calculated using no uncertainty, and the Nominal + 2¢ curves
represent the power modeling nominal + 26 uncertainty.

The decay heat power uncertainty sampled for Region II, Run 119 is [ 1™ Therefore, it is
expected that the Actual Power curves in Figures RAI-27-10 through RAI-27-13 show |

"¢ It is shown in Figures RAI-27-6 and RAI-27-7 that decay power
uncertainties cause negligible changes to the fission power and actinide power. |
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a,c

2.0 Description of the Calculation of Total Residual Core Power

The total core power is the sum of the fission power calculated by the point kinetics model and the total
decay heat power, which is calculated as a sum of the contributions from thermal fissions of >°U and
9Py, fast fission of ***U, actinide decay, and neutron capture. The input and selected computed
parameters related to the fuel rod power calculations for the demonstration plant runs (Run 59 and Run
119) are listed in Tables 1 and 2.

2.1 Calculation of Fission Power with the Point Kinetics Model

The calculation of fission power with the point kinetics model is described in Section 9.3 of WCAP-
16996-P, Revision 0. The reactivity in the point kinetics model is coupled with WCOBRA/TRAC-TF2
core thermal hydraulics, and it is also a function of the core-averaged fuel temperature accounting for all
of the rods.

2.2 Calculation of Actinide Power

The calculation of actinide decay power is discussed in Sections 9.4 and 9.9.1 of WCAP-16996-P,
Revision 0. As discussed in WCAP-16996-P, Revision 0, the capture to fission ratio, R, is calculated
based on the fuel rod burnup and enrichment inputs using Westinghouse correlations developed for its
typical PWR fuel lattice design.

2.3 Calculation of Power from Neutron Capture

The calculation of power from neutron capture is described in Section 9.9.3 of WCAP-16996-P, Revision
0. The fissions per initial fissile atom , v, is calculated based on correlations developed for typical
Westinghouse PWR fuel lattice design, |

] a,c

2.4 Calculation of Decay Heat Power

The calculations of thermal fissions of **U and **°Pu, and fast fission of **U are described in Section 9.2
of WCAP-16996-P, Revision 0. The fission fraction for each fissile isotope, w,, is calculated as a
function of rod burnup and enrichment inputs. Additionally, under WCOBRA/TRAC-TF2 user input
guidance, the burnups for the hot rod and hot assembly rod are converted to irradiation time (in seconds)
and |

1™ Additionally, the decay heat power uncertainty multipliers in Tables 1 and 2 are
used to obtain the decay heat power for each isotope for each WC/T rod, as described in RAI response 21.

3.0 Examination of NRC Information Notice 96-39

NRC Information Notice 96-39 discusses the potential variation in decay heat power predictions using the
ANSI/ANS-5.1-1979 Decay Heat Power Standard through user input parameters. In particular, Actinides,
R-factor, G-factor, SI, Power history, and Fissile Elements are discussed in the Information Notice.

Based on the discussions in Sections 2.2 through 2.4, these parameters are adequately modeled in
WCOBRA/TRAC-TF2.

4.0 Known Errors Involved in the Original Calculations
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The WCOBRA/TRAC-TF2 code version used to generate the data presented in Figures RAI-27-1 through
RAI-27-16 corrects several errors in the existing configured WCOBRA/TRAC-TF2 code version, three of
which are discussed in the response to RAI 21. Additionally, the calculation of decay heat power
uncertainty in the code is missing the extra term to account for the 16 uncertainty in the prompt energy
per fission (c,/x), as described in the response to RAI 20. The inclusion of the extra uncertainty
associated with the prompt energy per fission results in a slightly more conservative estimation of the
total decay heat power uncertainties.
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Table 1: Input and Selected Computed Parameters Used to Compute Residual Power for Region I,

LTR-NRC-13-33 NP-Attachment

Run 59
Hot Rod | Hot Assembly | Core Average | Low Power
Parameter (WC/T | Rod (WC/T Rods (WC/T Rod (WC/T
Rod 1) | Rod?2) Rods 3 and 4) | Rod 5)

Table 2: Input and Selected Computed Parameters Used to Compute Residual Power for Region II,

Run 119
Hot Rod | Hot Assembly | Core Average | Low Power
Parameter (WC/T | Rod (WC/T Rods (WC/T Rod (WC/T
Rod 1) | Rod?2) Rods 3 and 4) | Rod 5)
WCAP-16996-NP-A November 2016

Revision 1

a,c

a,c



A-198

Figure RAI-27-1
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Total Power and Power Contributors Normalized to the Initial Core Power

for Region I, Run 59
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Figure RAI-27-2
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LTR-NRC-13-33 NP-Attachment

Total Core Power Normalized to the Initial Core Power for Region I, Run 59
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Figure RAI-27-3
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Power Generated by Thermal Fission of U235 Normalized to the Initial Core

Power for Region I, Run 59
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Figure RAI-27-4
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Power Generated by Thermal Fission of Pu239 Normalized to the Initial
Core Power for Region I, Run 59
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Figure RAI-27-5
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Power Generated by Fast Fission of U238 Normalized to the Initial Core
Power for Region I, Run 59
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Figure RAI-27-6
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Fission Power Calculated by the Point Kinetics Model Normalized to the
Initial Core Power for Region I, Run 59
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Figure RAI-27-7
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Actinide Power Normalized to the Initial Core Power for Region I, Run 59
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Figure RAI-27-8
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Power Generated by Neutron Capture Normalized to the Initial Core Power
for Region I, Run 59
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Figure RAI-27-9
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Total Power and Power Contributors Normalized to the Initial Core Power
for Region II, Run 119
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Figure RAI-27-10
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Total Core Power Normalized to the Initial Core Power for Region II, Run
119
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Figure RAI-27-11
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Power Generated by Thermal Fission of U235 Normalized to the Initial Core
Power for Region 11, Run 119
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Figure RAI-27-12
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Power Generated by Thermal Fission of Pu239 Normalized to the Initial
Core Power for Region 11, Run 119
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Figure RAI-27-13
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Power Generated by Fast Fission of U238 Normalized to the Initial Core
Power for Region 11, Run 119
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Figure RAI-27-14
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Fission Power Calculated by the Point Kinetics Model Normalized to the
Initial Core Power for Region II, Run 119
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Figure RAI-27-15
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Actinide Power Normalized to the Initial Core Power for Region II, Run 119
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Figure RAI-27-16
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Power Generated by Neutron Capture Normalized to the Initial Core Power
for Region II, Run 119
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Question 28: Decay Heat Uncertainty Distribution

As described in WCAP-16996-P/WCAP-16996-NP, Volumes I, II and III, Revision 0, Subsection
25.2.1.4, “The Effect of Fuel Burnup on Power Distributions,” the time-in-cycle impacts the decay heat as
a burnup-dependent parameter. Furthermore, Subsection 29.5.1, “Fuel Rod,” explains that the decay heat
uncertainties, based on the ANSI/ANS 5.1-1979 standard, “vary with time in cycle as the decay heat
contribution from each fissionable isotope changes.” Also, Subsection 29.4.1.2, “Reactor Core Power
Distributions and Global Uncertainties,” states that “uncertainty in decay heat is considered through the
application of ANSI/ANS 5.1-1979 Standard (DH, normal distribution).” Table 29-4, “Uncertainty
Elements — Power-Related Parameters Defined in Section 29.4.1,” describes the decay heat uncertainty
distribution as normal and characterizes it with a mean value and a standard deviation ¢ defined as a
function of burnup and enrichment, ¢ = f (burnup, enrichment). Please explain the method of calculating
the dependency of the standard deviation o for the decay heat uncertainty distribution on the fuel burnup
and enrichment and present results to illustrate the predicted effect on o over the entire range of expected
burnup levels and enrichments.

Tables 31.3-1a and 31.3-2a in WCAP-16996-P/ WCAP-16996-NP, Volumes I, II and III, Revision 0,
Section 31.3, “Analysis of Results for Region I,” and Table 31.4-1a in Section 31.4, “Analysis of Results
for Region II,” include the uncertainty attribute “DECAY HT (-)” along with the values used in the
documented runs. If this or any other attributes are related to the decay heat uncertainty characterization,
please explain their meaning and relationship to the characteristics defined in WCAP-16996-P/ WCAP-
16996-NP, Volumes I, II and 111, Revision 0, Table 29-4 to describe the decay heat uncertainty
distribution. Also, please explain how “DECAY HT” or any other decay heat related uncertainty
attributes are applied in executing the runs and obtaining the WCOBRA/TRAC-TF2 predictions.

Please explain how the ANS 5.1 uncertainties, represented in tabular form in ANSI/ANS 5.1-1979 Tables
1 to 6 for the decay heat functions fi(t) and F;(t, ), the fission product decay heat power for a pulse and
infinite irradiation as a function of time after fission, relate to the decay heat uncertainty distribution
parameters and the decay heat related uncertainty attributes considered above. In particular, please
explain if dependence of the decay heat uncertainty distribution standard deviation ¢ or of the decay heat
related uncertainty attributes on the cooling time following reactor shutdown is considered in the
FSLOCA methodology.

Response:

As discussed in the response to Question 20, the |
]a,c

a,c

1™ The effective 1o uncertainty in the total decay power is determined by the uncertainty in the
relative contributions of each of the pseudo-nuclides to the total decay heat. In turn, these contributions
will be dependent on burnup and, to a lesser extent, enrichment since the fission fractions for the fissile
isotopes are functions of these variables.
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To illustrate the dependence of the 1o uncertainty factor on burnup and enrichment, the total decay heat
power with and without uncertainty was calculated for a representative fuel lattice. A 0 second cooling
time was assumed; consequently, the decay powers calculated were initial condition values. The decay
heat powers were calculated over a range of burnups and enrichments. The ratio of the total decay heat
power with and without uncertainty was then determined at each burnup and for each enrichment. Figure
RAI-28-1 gives the results.

As this figure shows, the effective 1o uncertainty factor |

]a'C As the ANS 5.1 Standard shows, the decay power uncertainty for *°Pu is
much larger than for *°U. [

a.c

]

The decay heat power uncertainty attribute DECAY HT is the variable N,; in equation 2 of RAI-20.
Effectively, the decay heat power uncertainty factor for a given pseudo-nuclide has the following form:

a,c

The value for DECAY HT (N,) is sampled and employed in the above expression to determine the decay
heat uncertainty factor for each pseudo-nuclide.

With respect to the decay heat power uncertainties given in the ANS 5.1 tables, these uncertainties were
used to determine the values of the A; decay group 16 uncertainties for the various pseudo-nuclides such
that the decay power with 20 uncertainty was reproduced over the range of cooling times. The resulting
decay heat power fit deviations relative to ANS 5.1 are given in Figures 9-23, 9-24, and 9-25. The fit
deviations are quite small, indicating that the A; factors accurately reproduce the ANS 5.1 decay powers
including uncertainty.

[

ac

|

To illustrate this, Figure RAI-28-2 gives the effective decay heat power uncertainty factor versus burnup
for 5 w/o fuel over cooling times ranging from 0 to 400 seconds. As ANS 5.1 shows, the decay heat
power uncertainties decrease over cooling times of several hundred seconds as the short-lived pseudo-
nuclides decay. This behavior is captured in WCOBRA/TRAC-TF2, as Figure RAI-28-2 illustrates.
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Figure RAI-28-1 Effective 16 Decay Heat Power Uncertainty Factor as a Function of Burnup and
Enrichment
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Figure RAI-28-2 Effective 16 Decay Heat Power Uncertainty Factor as a Function of Burnup and
Cooling Time
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Question 29: Decay Heat Sampling Approach

WCAP-16996-P/WCAP-16996-NP, Volumes I, 11, and 111, Revision 0 Subsection 26.2.2, “V. C. Summer
Reference Case and Allowable Plant Operating Conditions,” explains that the best-estimate methodology
establishes a sampling of the distribution of potential uncertainty contributors, which occur due to
changes in plant or model variables. The input values for V. C. Summer and Beaver Valley Unit 1
reference cases considered in Section 26, “WCOBRA/TRAC-TF2 Model of Pilot Plants,” are divided in
three categories: 1) plant physical description, 2) plant initial operating conditions, and 3) accident
boundary conditions. Decay heat is not included in the lists of categorized parameters. The parameters in
these categories are sampled once for each run in order to initialize the input values needed to analyze the
case.

Decay heat generation is a process that occurs in time and as such it differs from the parameters
considered in the above identified categories of input parameters. Decay heat measurement data is
characterized by experimental uncertainties. Detailed calculations of decay heat bear the uncertainties
that originate from errors in the nuclear data and the yields of individual fission products. As a result,
uncertainties are inherent to the decay heat generation process and its quantification at any point in time
during the cooling period following reactor shutdown. In this regard, please explain the technique,
appropriateness, and applicability of the FSLOCA methodology sampling approach in accounting for
uncertainties in the decay heat prediction. This RAI question is related to Question 13.

Response:

The decay heat uncertainty is primarily driven by the uncertainties in the number densities of fission
product nuclides at the time of the event and the uncertainties in the energy yields resulting from decay of
those fission products. The number density uncertainties result from uncertainties in the fission product
yields and nuclear data. The uncertainty in the decay heat power as codified in the decay heat standard
[1] is an aggregate uncertainty that accounts for the uncertainty in the initial number densities and the
uncertainty in the energy yields of the individual pseudo-nuclides. The aggregate uncertainty is a
function of cooling time because the energy yields and decay constants of the individual pseudo-nuclides
differ from nuclide to nuclide. Consequently, the decay power contribution of any individual fission
product nuclide will vary with cooling time, and so its contribution to the total decay power uncertainty
will also vary with cooling time.

Since the decay heat uncertainty is driven by uncertainties in the initial concentrations of fission product
nuclides, the decay heat uncertainty is related to a physical property of the system at the time of the event.
That physical property is the initial number density distribution among the fission product nuclides. By
sampling the number of decay heat uncertainty sigmas for each case, the FSLOCA methodology is
effectively sampling from a population of different initial number density combinations of fission product
nuclides. Since the FSLOCA methodology reproduces the aggregate decay power uncertainties as
codified in the standard as a function of cooling time, the methodology will appropriately capture the
time-dependent decay power uncertainty that results from uncertainties in the initial fission product
number densities.
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Detailed descriptions of the nominal value and uncertainty in the decay power calculations are found in
the responses to RAIs-13, 21, 22. The examination of each component of decay power for a sample
calculation is given in the response to RAI-27.

References:

1. ANSI/ANS-5.1-1979, “American National Standard for Decay Heat Power in Light Water
Reactors.”
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RAI #30 - Scaling of the Westinghouse Vertical COSI Test Facility and Tests

WCAP-16996-P/WCAP-16996-NP, Volumes |, Il and Ill, Revision 0, “Realistic LOCA [Loss-of-
Coolant-Accident] Evaluation Methodology Applied to the Full Spectrum of Break sizes (FULL
SPECTRUM™ LOCA [(FSLOCA™)] Methodology),” Subsection 6.3.6, “Special Model: Cold Leg
Condensation Model,” describes the model for predicting direct contact condensation on the
Safety Injection (SI) water for both small-break LOCA (SBLOCA) and large-break LOCA
(LBLOCA) applications. The model employs an [ 17 that was derived from
a best fit to a set of data points derived from tests at the Westinghouse Condensation on Safety
Injection (COSI) test facility. The facility is referred to as the Westinghouse vertical COSI test
facility and the tests as the Westinghouse vertical COSI tests. [

] a,c

WCAP-16996-P/WCAP-16996-NP, Volumes I, Il and Ill, Revision 0, Subsection 6.3.6 states that
the Westinghouse vertical COSI test facility “geometrically is a 1:100 scale of a pressurized
water reactor (PWR) cold leg.” Additional information on scaling of a similar test facility is
provided by P. Coste et al., “Status of a Two-Phase computational fluid dynamics (CFD)
Approach to the PTS Issue,” Proc. OECD/NEA & IAEA Workshop “Experiments and CFD Code
Applications to Nuclear Reactor Safety,” September 10-12, 2008, Grenoble, France. This
reference explains that “COSI represents a PWR cold leg with the safety injection at the scale of
1/100 for volume and power, and conservation of Froude number” from a PWR under SBLOCA
conditions.

WCAP-16996-P/WCAP-16996-NP, Volumes I, Il and lll, Revision 0, Subsection 17.2.1, “Test
Facilities and Tests Description,” explains that a large matrix of tests was conducted over the
course of the COSI program by both Westinghouse and Framatome and that “some
reconfigurations of the facility test section were performed with regard to the length of the main
pipe in the test assembly and the angle and size of the injection piping.” Please clarify and
address, as appropriate, the following items related to the scaling of the Westinghouse vertical
COsSi test facility and test matrix conditions used to produce the data set for fitting the FSLOCA
methodology cold condensation correlation.

FULL SPECTRUM'" and FSLOCA'" are trademarks in the United States of Westinghouse Electric
Company LLC, its subsidiaries and/or its affiliates. This mark may also be used and/or registered in other
countries throughout the world. All rights reserved. Unauthorized use is strictly prohibited.
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(1) Please describe the scaling of the Westinghouse vertical COSI test facility geometry and
test matrix conditions used to produce the cold leg condensation rates. For this purpose,
provide specific scaling relationships and criteria that are considered appropriate for
investigation of Sl cold leg condensation. Include specific consideration of cold leg diameter
and cold leg length. Explain how the defined relationships and criteria apply to the
Westinghouse vertical COSI test facility geometry and test matrix conditions. Explain which
parameters and criteria support the scalability of the Westinghouse vertical COSI test data
to prototypical conditions and which limit their applicability to such conditions.

(2) Based on the applied experimental procedures and conditions, data analysis, and scaling,
describe the impact of involved major experimental distortions, test limitations, contributing
processes, and uncertainties, related to the COSI test geometry and test conditions, on the
applicability of the derived condensation data set to prototypical PWR conditions. In
particular, please address such impacts related to the cold leg diameter scale.

Response:

The COSI test facility was intended to investigate the condensation in the cold leg caused by
the high head safety injection (Sl) during a small break LOCA. The test facility was designed to
properly downscale the cold leg of a Westinghouse PWR, as well as the steam flow rate, and Sl
rate to replicate the thermal hydraulics phenomena in the PWR cold leg.

As discussed in Section 6.3.6 of WCAP-16996-P, a special cold leg condensation model was
developed from a subset of the data generated from the COSI test facility, specifically the
Westinghouse vertical COSI test facility. The model was then validated by an independent data
set spanning of different scales.

The scaling and applicability of the cold leg condensation model is based on the following
principles which will be further elaborated in this response:

]a,c
1. Geometrical Scaling

The cold leg test section of the Westinghouse COSI facility was shown in Figure 17-2 of WCAP-
16996-P. The inner diameter of the cold leg pipe is 0.118m (4.65 inch) and its length is
approximately 4.9 m (16ft). The prototypical cold leg inner diameter in Westinghouse PWRs is
0.7m (27.5inch). The cold leg diameter scaling factor between the COSI test facility and a PWR
cold leg is 1/6,
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where the subscript T refers to the COSI test facility and the subscript P refers to the prototype,
which is a Westinghouse PWR. The flow area scaling factor between the COSI test facility and
a PWR cold leg is thus obtained,

IR

Ar (DT>2 1
Ap  \Dp 35
The diameter of the COSI SI line attached to the cold leg is scaled based on the geometrical
similarity between the cold leg and Sl line. Thus, its scaling factor is the same as the cold leg.

(Ds)) 1 _ & ~ l
(DSI)P B DP B 6
(As)r _ ((DSI)T>2 1
(AsDp  \(DsDp) ~ 35

The diameters of a typical high head Sl line, a typical charging line and an accumulator line are
[ 17°, respectively. The corresponding diameters in the COSI test
facility are 0.9 inch (0.023m), 0.22 inch (0.0056m) and 1.5 inch (0.0381m), respectively. The
scaling factors of those Sl lines confirm the scaling factor of 1/6 (Table 1).

Table 1. Scaling Factors of Sl lines Attached to Cold Leg

Note that the reported volume scaling of 1/100 (Sections 6.3.6 and 17.2.1 of WCAP-16996-P) is
misleading and for the purpose of the scaling analysis it is more appropriate to focus on the
specific geometric components:.[

a,c

2. Adequacy of Jet Re Number as Main Scaling Parameter

The historical path leading to the cold leg direct contact condensation model and the theoretical
basis of the model are presented herein to facilitate the discussion. Asaka et al. [1] proposed a
direct contact condensation model for TRAC-PF1/MOD 1 using turbulent liquid jet condensation
model. Bestion and Gros d’Aillon [2] studied direct contact condensation in the cold leg with the
data from the COSI test facility. They developed a mixing zone concept and assumed the
vicinity of injection plays the most important role in the cold leg condensation. Janicot and
Bestion [3] did further theoretical study on turbulence induced condensation in the vicinity of Sl
injection. A more accurate condensation model was developed by Janicot and Bestion using the
COSiI test data and the model was incorporated into the CATHARE reactor safety analysis code
and validated against COSI experimental data [3]. A cold leg condensation model was
incorporated into the Westinghouse NOTRUMP Appendix-K small break LOCA safety analysis
code [12]. The NOTRUMP model also assumes the majority of condensation takes place
immediately around the zone of the injection point based on findings from the COSI tests and a
correlation was developed based on the assumed jet surface area. The development of a best-
estimate small break LOCA evaluation model drove Westinghouse to develop a more scalable
WCAP-16996-NP-A November 2016 NP-4
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cold leg condensation model than existing models for the FULL SPECTRUM™ LOCA
(FSLOCA™) methodology. According to the surface renewal theory [4, 5, 6], the condensation
heat transfer is controlled by the turbulent characteristics at the liquid side interface.

An accurate prediction on the condensation heat transfer relies on correlating liquid side heat
transfer coefficient with the turbulent Reynolds number, which is shown in recent computational
fluid dynamics simulations on the cold leg condensation problem [7, 8, 9]. In a coarse two fluid
model, the detail of turbulent structure is beyond the resolution of the code. Instead, the Sl jet
Reynolds number, which is the kinetic source of the turbulence in the cold leg, becomes the
controlling parameter.

The cold leg condensation correlation, which is used to predict the cold leg condensation rate in
the cold leg condensation model was developed using the experiments from the Westinghouse
vertical COSI test facility that represents a small break LOCA cold leg condensation scenario.
Then, in the FSLOCA methodology, the cold condensation model is applied to the large break
LOCA prediction. As addressed in Section 6.3.6 and Section 17.3 of WCAP-16996-P, the cold leg
condensation scenario in a large break LOCA is different from that of a small break LOCA. As
such, the application of the developed cold leg condensation model to large break LOCA is
supported by the validation against the full scale cold leg condensation tests, UPTF 8A and UPTF
25A (Section 17.3 and Section 19.3 of WCAP-16996-P). [
]a,c

The following sections discuss the effect of [

]a,c
3. Adequacy of Cold Leg Diameter Scaling

In the cold leg condensation theory in WCAP-16996-P, [

]a,c

One arguable effect caused by the 1/6 scaling factor of cold leg diameter in the COSI test facility
is [

1*¢ The effect was illustrated in Figure 6-13 of WCAP-16996-P. To
demonstrate that [ 1*° when the cold leg condensation
phenomenon is scaled up to a PWR cold leg, a comparison of [ 1€ in the
COSI test facility and the Beaver Valley Unit 1 cold leg was conducted using a computational
fluid dynamics (CFD) tool in Westinghouse. The computational domain is displayed in Figure 1.
The simulated COSI case is W012-1, which is a charging line case with the minimum Sl flow
rate, the most challenging COSI test in term of the Sl jet penetration. The S| diameter and flow
rate are scaled using scaling factors of 1/6 and [ 17¢, respectively. Note, the flow rate scale
is larger than the scaling factor between the COSI facility and Beaver Valley Unit 1, but that
leads to an even smaller Sl flow in the Beaver Valley Unit 1 CFD case, which would tend to
WCAP-16996-NP-A November 2016 NP-5
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show a [ 1*® The major parameters for the CFD computation are listed in
Table 2. To [
]a,c

The mesh was created by the TrueGrid mesh generation code. There are [ 17 cells in
the COSI W012-1 CFD case and [ ]?° cells in the Beaver Valley Unit 1 CFD case. The
simulations were conducted using the Ansys CFX software.

Figure 2 shows the velocity profile at the cross section of the cold leg in the Westinghouse COSI
test facility. The corresponding case in the cold leg of DLW is shown in Figure 3. In both cases,

[
] a,c

Table 2. Major Parameters Used in the CFD Study

4. Impact of Cold Leg and Sl line Area Scaling on Flow Regime
The COSI facility is properly designed to [

1*° The [ 1*¢ in all Westinghouse COSI test was supported by the
flow regime study using the well-recognized Taitel-Dukler flow regime map [11]. [

]a,c

To determine the flow regime in the COSI Sl line, the Froude number scaling factor of the Sl line
is evaluated [

]a,c
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5. Impact of Cold Leg Length Scaling

A noticeable feature of the COSI test facility is the length of the cold leg. The scaling factor of
the cold leg length between Westinghouse COSI and PWRs is [ 1*¢ The
scaling factor is much larger than the scaling factor of the cold leg diameter. As discussed in
Section 6.3.6 of WCAP-16996-P, the majority of cold leg condensation, when flow is stratified, is
caused by the safety injection and occurs in the mixing zone. Outside the mixing zone, the
stratification suppresses the interfacial heat transfer. [

1€ This will be
further addressed in Section 5.

More evidence supporting that the condensation occurs in the mixing zone comes from the
COSI tests. The temperature profile from thermocouple rakes showed similarity between the
profile near the Sl jet and the profile further downstream. Furthermore, Shimeck [10] indicated
that the Framatome COSI test facility considered a much shorter cold leg length than the
Westinghouse test facility, but comparison between the Framatome test data and the
Westinghouse test data showed that a shorter cold leg only led to a moderate decrease in the
condensation heat transfer rate. These points support the assumption of the majority of the
condensation is in the mixing zone, and the assumption has been adopted by several existing
cold leg condensation models by both Westinghouse and Framatome.

[

] a,c

With respect to the validation of the cold leg condensation model, a favorable prediction of the
Framatome tests (shorter cold leg) and ROSA SB-CL-05 (a better scaled cold leg length) is
obtained. The validation against Framatome COSI was provided in WCAP-16996-P. In the
response to RAI 33, an evaluation will be provided that shows [

]a,c
6. Impact of Jet Re Scaling
The geometry scaling was determined to maintain prototypical conditions with respect to flow
regimes and Sl jet to stratified cold leg impingement mechanisms as discussed in the previous
sections. However, [

1?€ as shown in Table 6-2 of WCAP-16996-P.

Figure 7 shows the ratio between the estimated condensation rate in the entire cold leg and
measured value for the set of validation cases as a function of the SI Re number. Note that [

] a,c

The analysis of the figure leads to the following observations:

DN
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4)

]a,c

Further evidence of the [
17 is provided in the response to RAI 33. It shows that the cold leg condensation
rate predicted [

]a,c
7. Summary on Scaling of COSI Facility

In summary, multiple aspects of scaling analyses on the diameter, flow area, length, superficial
velocity, Reynolds number of both cold leg and SlI line, and Froude number of Sl line in the
Westinghouse COSI test facility are provided. The scaling factor of Sl jet Reynolds number and
the cold leg diameter was further investigated. [

] a,C
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Figure 1. The COSI computational domain.
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a,c

Figure 2. Total velocity contour at the cross section of the cold leg in Westinghouse
COSil test facility (W012, point 1).

a,c

Figure 3. Total velocity contour at the cross section of the cold leg of Beaver Valley Unit
1 (Sl flow rate scale of 1/14).
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a,c

Figure 4. Plot of jg and jl in the Westinghouse COSI tests (both vertical and horizontal
COSil tests) at 4.2MPa against the Taitel- Dukler flow regime map. The horizontal stratified
flow regime is inside the solid line.

a,c

Figure 5. Plot of jg and jl in the Westinghouse COSI tests (both vertical and horizontal
COSl tests) at 5.6MPa against the Taitel- Dukler flow regime map. The horizontal stratified
flow regime is inside the solid line.
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a,c

Figure 6. Plot of jg and jl in the Westinghouse COSI tests (both vertical and horizontal
COSl tests) at 7.0MPa against the Taitel- Dukler flow regime map. The horizontal stratified
flow regime is inside the solid line.

a,c

Figure 7. Ratio between Estimated Cold Leg Condensation Rate and Measured Value for
Validation Cases as a Function of Jet Re Number.
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RAI #31: Westinghouse Vertical COSI Downcomer Condensation

WCAP-16996-P/WCAP-16996-NP, Volumes I, Il and Ill, Revision 0,Subsection 17.2.1, “Test
Facilities and Tests Description,” describes the approach in deriving the Westinghouse vertical
COSI cold leg condensation data used to develop the correlation for Sl jet condensation in the
FSLOCA methodology. It explains that “the COSI experimental data report only gives boiler
power and heat loss for the entire test loop.” The boiler power was measured and the integral
heat loss from the test section, boiler, and pipelines to the environment was estimated. The net
total condensation heat transfer rates in the tests were obtained as difference between the
boiler power and the heat loss as “steam from the inlet was completely condensed in the
Westinghouse COSI tests.” To obtain the cold leg condensation test data, the net total
condensation rate was split into two parts: (1) condensation rate due to condensation in the cold
leg and (2) condensation rate due to condensation in the downcomer. The first part included
direct contact condensation on the Sl jet in the cold leg and the second part accounted for
condensation due to a possible “water fall” in the test section downcomer.

[

]?° Subsection 17.2.1 Equation (17-2) provides the expressions for
the downcomer condensation rate Qpc (in kW) as function of the Sl rate mg (in kg/s):

[ 1"

[ 1"

Assuming that the identified downcomer water levels were based on the lengths of the
corresponding downcomer water falls, the water fall length ratio is assessed as:

[ "

Sl rates were equal in the tests and Equation (17-2) gives the downcomer condensation rate
ratio:

[ 1"

The downcomer condensation rate ratio is practically equal to the water fall length ratio for the
Westinghouse vertical COSI tests used to establish the downcomer condensation rate.

Please provide additional information and clarification with regard to the following items.

(1) Please define the reference elevation used to determine the downcomer levels in [
17 test series. Explain how the downcomer water level was measured
and how well was it controlled and maintained in testing.

(2) Please explain if Equation (17-2) was based on the assumption that the condensation rate in
the downcomer region was proportional to the length of a free water fall in the steam-filled
upper downcomer region. This would allow attributing the difference in the boiler power
between the corresponding [ ]?€ tests to difference in the water fall
lengths (1.6 m — 0.3 m = 1.3 m) and establishing Equation (17-2).

(3) Please explainifall[ ] runs in each test series were used in establishing Equation (17-2)
and present the corresponding test data used.

(4) The expressions in Equation (17-2) were based on information from two Westinghouse [
]?“tests that differed only with regard to the downcomer
water level. Equation (17-2) correlates the downcomer condensation rate only with the S
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rate and does not take into consideration other important parameters such as Sl
temperature, pressure, and variations in cold leg and downcomer conditions. [f

Equation (17-2) was used for all tests listed in WCAP-16996-P/WCAP-16996-NP, Volumes
I, Il'and Ill, Revision 0, Table 17-2, “Westinghouse Vertical COSI Tests Data,” please
explain the basis for applying Equation (17-2) under different test conditions and possible
implications with regard to the validity of the derived cold leg condensation rates.

Response:

(1) Per WCAP-11767 [1], the reference elevation is the bottom of the test section and the
downcomer water level is measured by [

] a,c

(2) The estimation of condensation rate in the downcomer was based on the assumption that
the condensation heat transfer rate in the downcomer is [

] a,c

To address this concern, the data reduction process for the COSI tests is revised to more
accurately capture the cold leg condensation rate and address the scalability issue. There are
two major changes in the revised data reduction process. First, [

1*¢ Second, the downcomer condensation rate is evaluated at [
17° using different pairs of tests and the uncertainty of the

downcomer condensation rate is applied to the evaluation of the cold leg condensation rate. The
process of the data reduction is listed below for the Westinghouse COSI tests.

1.

The net condensation heat transfer rate, Q , in the test section (including downcomer)

is [ 1?° (see

response to RAI32)

The net condensation efficiency is calculated using the following equation
Qnet

mSI(hf - hsz)

where Q. is net condensation heat transfer in the test section, mg, is the Sl flow rate
and h; and hg, are the enthalpy of saturated water and the S| water (at the test pressure
and Sl temperature).

The net condensation efficiency is [ 1€ in several runs. The test report
did not provide an explanation. In this data reduction process, the net condensation in
those cases is [ *°

The condensation heat transfer rate in the test section is split into two portions, the
condensation in the cold leg and the condensation in the downcomer. The condensation
heat transfer rate in the downcomer is evaluated using 3 pairs of tests with only
differences being the [

Nnet =

WCAP-16996-NP-A November 2016 NP-14

Revision 1


rudakem
Typewritten Text
a,c

rudakem
Typewritten Text
a,c

rudakem
Typewritten Text
a,c


LTR-NRC-13-31 NP-Attachment
A-234

1*° There are 3 pairs of tests identified for difference
pressures, [

J7° All 5 runs in each pair are used to establish the downcomer
condensation efficiency at the particular pressure. The [ ¢ is
the nominal condensation efficiency at the pressure and the maximum and minimum
values provide the uncertainty of the downcomer condensation efficiency. The
downcomer condensation efficiency and its uncertainty at [

17 are calculated as shown in Tables 1 through 3.
5. The net condensation efficiency minus the efficiency caused by downcomer
condensation is the cold leg condensation efficiency. [

]a,c
6. The cold leg condensation heat transfer rate is evaluated using the cold leg
condensation efficiency and the condensation potential with the formula below.

Qcond = NeconaMs1 (hf - hSI)

]a,c

A similar data reduction process is also applied to the Framatome COSI tests using the
downcomer condensation efficiency shown in Tables 1 through 3. It is noted that [

1*¢ However, the averaged
downcomer condensation efficiency in Tables 1 through 3 reduces when the pressure drops
from [ 1*° Thus, the downcomer condensation efficiency of [

]*° It is also noted that the Sl injection rate in the Framatome COSI tests
is generally higher than those in the Westinghouse COSI tests. However, the downcomer
condensation efficiencies in Tables 1 through 3 [

]a,c

The final results of the cold leg condensation rate and its upper bound and lower bound in the
Westinghouse COSI cases and the Framatome COSI cases are collected in Table 4 and Table
5, respectively. Those Tables will replace Table 17-2, Table 17-3 and Table 17-5 in the
approved version of WCAP-16996-P.

[

a,c

]

It is worthwhile to point out that the condensation heat transfer rate could be interpreted from
the measured downcomer temperatures (see Tables 4 and 5) in the tests using the following
equation.

Qnet = Ms;(hpe — hgp)
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] a,c

In summary, the approach to evaluate the condensation rate in the downcomer is revised to
better capture the condensation heat transfer rate in the cold leg of COSI facility and to quantify
the uncertainties of the condensation heat transfer rate. The revised Westinghouse COSI and
Framatome COSI data are shown in Table 4 and Table 5, respectively.

(3) In current submittal of WCAP-16996-P, all the 5 runs in the pair of [
17 tests were utilized to establish the condensation rate in the downcomer [
17 In the revised data reduction process in the response to question (2), all the 5
runs in the pairs of [ ]?€ are utilized to establish the
nominal downcomer condensation efficiency and its uncertainty at three different pressures.

4) When the condensation rate in the downcomer was revisited, the influence of [

1*¢ were
recognized. Among the parameters, [
]*¢ are primary. Regarding the Sl temperature, [
1€ In the
Framatome COSI tests, [ 1% However, the high downcomer water

level in the Framatome COSI tests significantly reduced the magnitude of the downcomer
condensation rate such that the influence of [
]*¢ Other parameters, such as [
17 are judged as the secondary effect for the evaluation of the
downcomer condensation rate.

Reference:

1. WCAP-11767, “COSI Sl/Steam Condensation Experiment Analysis,” March 1988.
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Figure 1. Comparison between the nominal measured Nusselt number and the
Nusselt number predicted from correlation. The measured Nusselt number is
reduced from the boiler power.

Figure 2. Comparison between the nominal measured Nusselt number and the
Nusselt number predicted from correlation. The measured Nusselt nhumber is
reduced from the downcomer temperature.
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Table 1. Evaluation of Downcomer Condensation Efficiency at [

Table 2. Evaluation of Downcomer Condensation Efficiency at [
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Table 3. Evaluation of Downcomer Condensation Efficiency at [
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Table 4. Westinghouse COSI Test Data (continued)
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Table 4. Westinghouse COSI Test Data (continued)
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Table 5. Framatome COSI Test Data
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RAI #32: Westinghouse Vertical Condensation on Safety Injection Heat Loss

The Westinghouse COSI test data average heat loss and associated uncertainty used to derive
the cold leg condensation rates are shown in WCAP-16996-P/WCAP-16996-NP, Volumes |, Il
and Ill, Revision 0, Table 17-1, ‘Westinghouse COSI Test Data Average Heat Loss and
Uncertainty.” [

]a,c
Please provide additional information and clarification with regard to the following items.

(1) Please explain how the values for the heat loss uncertainty in Table 17-1 were determined.
As the heat loss matched the boiler power, please clarify if the heat loss uncertainties
corresponded to the uncertainties in the boiler power. [

]a,c
2) [

]a,c

(3) Please explain how the boiler power was measured and provide the measurement
accuracy.
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(4) As seen from Table 17-2 in WCAP-16996-P/WCAP-16996-NP, Volumes |, Il and I,
Revision 0, Subsection 17.2.1, “Test Facilities and Tests Description,” the cold leg
condensation rates range between [

] a,c
Considering uncertainties related to heat loss estimates, downcomer condensation rate
estimates, and boiler power, please provide estimates for the overall uncertainty of the cold
leg condensation data and explain why the data included in Table 17-2 were considered
representative and acceptable for the purpose of defining the cold leg condensation
correlation.

Response:

(1) Perthe COSI test report [1], the heat loss of a test series was measured by [

1" There were total 15 heat loss
measurements at [ 1?€ in Westinghouse COSI tests. In WCAP-
16996-P, the heat loss was assumed to be primarily a function of the system pressure. The heat
losses at the same pressure were [

1?° The results were shown in Table 17-1 of WCAP-16996-P. [

]a,c

In the response to RAI 31, the data reduction process is revised by utilizing [
1?°. The approach is consistent to the test procedure and leads
to a reduced uncertainty of the heat loss.

(2) The “estimated average heat loss” value is [

17 ltis different from the mean value of the uncertainty range.
Nevertheless, in the revised data reduction process in the response to RAI 31, the averaged
heat loss is not used.

(3) The boiler power is measured by the [ 1*€ Though
the detail of the [ 1€ is not available in WCAP-11767 [1], the
uncertainty of the boiler power is given as [ 1*° The boiler

power uncertainty is considered to be a minor factor compared with the uncertainty of the
downcomer condensation rate, which is as large as [

]a,c

(4) The experimental uncertainties related to condensation heat transfer rate in the cold leg are [

1> As the Westinghouse vertical COSI data were used to generate the
correlation and the Westinghouse horizontal COSI data and Framatome COSI data were used
for the validation of the cold leg condensation model, the approaches to account for the
experimental uncertainty are different.
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[
] a,c
Reference:
1. WCAP-11767, “COSI Sl/Steam Condensation Experiment Analysis,” March 1988.
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RAI #33: Westinghouse Vertical Condensation on Safety Injection Data and
Condensation outside the Jet Region

WCAP-16996-P/WCAP-16996-NP, Volumes I, Il and Ill, Revision 0, Subsection 6.3.6, “Special
Model: Cold Leg Condensation Model,” clarifies that “the cold leg condensation model assumes
that the maijority of condensation occurs in a small region near the Sl injection port and the
condensation outside the mixing zone is negligible.” Accordingly, the cold leg S| condensation
rates, described in WCAP-16996-P/WCAP-16996-NP, Volumes I, Il and Ill, Revision 0,
Subsection 17.2.1“Test Facilities and Tests Description,” and presented in Table 17-2,
“Westinghouse Vertical COSI Tests Data,” were derived as integral condensation rates
accounting for the condensation processes in the entire cold leg test section. The characteristic
of the Westinghouse Vertical COSI condensation rates is further exacerbated by the fact that
the Westinghouse Vertical COSI cold leg test section was significantly oversized in length in
comparison to a typical PWR [ 1?°

In WCOBRA/TRAC-TF2 calculations, the cold leg condensation model is applied to the [

1*¢ Please explain if this can lead
to over-prediction of the condensation rate for the entire cold leg region in WCOBRA/TRAC-TF2
PWR LOCA analyses due to condensation in the remaining cold leg cells.

Response:

The length of the cold leg in the Westinghouse COSI facility is over-scaled as discussed in the
response to RAI30. The development of the correlation assumes that all the condensation (the
net condensation rate after removal of heat losses and downcomer condensation) occurs at the
mixing zone.

When the cold leg condensation model is applied to separated effects tests, integral effects
tests and PWR LOCA, the special condensation model is [

17°. Additionally, the
special condensation model is active only [

] a,c

The ROSA separate effects test in the validation matrix features a larger cold leg diameter and
a properly scaled cold leg length (see the response to RAI 35). The measured condensation
heat transfer rate in the cold leg, the predicted cold leg condensation heat transfer rate in the [

17, and the condensation heat transfer rate of [ 1€ in the cold leg are
collected in Table 1. The measured condensation heat transfer rates are compared with the
predicted condensation heat transfer rates of the entire cold leg in Figure 1. [

]a,c
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When the cold leg condensation model is applied to PWR LOCA, in which the cold leg scale is
larger than both the ROSA and COSI facility, [

1?°. To confirm this, the condensation heat transfer
rate in the cold leg of Beaver Valley Unit 1 is studied. [

] a,c

Figure 2 compares the cold leg condensation heat transfer rate of [ 1€ in the cold leg
starting at the boil-off stage. The condensation heat transfer caused by the Sl injection is shown
as the solid line and the condensation heat transfer at the accumulator injection node is the blue
dashed line. [

]a,c

The results of ROSA tests and Beaver Valley Unit 1 SBLOCA run show that the flow in the cold
leg is mostly horizontal stratified with a low interfacial heat transfer rate. [

]a,c

During the refill and reflood stages of a large break LOCA, the cold leg flow regime could be [
1€ The interfacial heat transfer rate of the [

1>¢ The application of the COSI model to the [
1€ prediction of cold leg condensation in the validation against the
full scale UPTF 8A and UPTF 25A tests as shown in Sections 17.3 and 19.3 of WCAP-16996-P.

In summary, [

] a,c
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Table 1. ROSA SB-CL-05 SI Condensation Heat Transfer Rate.
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Figure 1. Comparison between the measured cold leg condensation rate in ROSA
and the predicted condensation heat transfer rate of the entire cold leg.
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Figure 2. The cold leg condensation heat transfer rate in the [
]?° transient.
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RAI #34: Westinghouse Vertical Condensation on Safety Injection Data Qualification

With regard to the Westinghouse COSI facility, WCAP-16996-P/WCAP-16996-NP, Volumes I, Il
and lll, Revision 0, Subsection 17.2.1, “Test Facilities and Tests Description,” states that “a core
series of 15 tests, with 75 individual data, from Westinghouse configuration was conducted.” The
Westinghouse vertical COSI cold leg condensation rates used to define the empirical correlation
for prediction of direct contact condensation on Sl water in the cold legs are presented in WCAP-
16996-P/WCAP-16996-NP, Volumes I, Il and Ill, Revision 0, Table 17-2, “Westinghouse Vertical
COSI Tests Data.” The table contains 60 data points. In addition, Figure 6-15 in WCAP-16996-
P/WCAP-16996-NP, Volumes I, Il and Ill, Revision 0, presents a comparison between the
calculated Nusselt number and the measured Nusselt number for the fitted data points.

Please clarify and address, as needed, the following items related to the set of Westinghouse
vertical COSI data, which was utilized to define the S| condensation correlation.

(1) Please explain if all available Westinghouse vertical COSI test runs were assessed and
reported as “points” in the second column of WCAP-16996-P/WCAP-16996-NP, Volumes |,
and lll, Revision 0, Table 17-2. Clarify if any estimated condensation rates were disregarded
and not included as “points” in Table 17-2 and if so please explain the reasons. In addition,
please clarify if all data points in Table 17-2 were plotted in Figure 6-15.

(2) Table 17-2 provides only the derived condensation rates and does not include the measured
boiler power, estimated downcomer condensation rate, and downcomer level. Please provide
an expanded table that includes also these test parameters.

Response:

(1) In Westinghouse COSI tests, there is a total of 75 data points [

]a,c

(2) The measured boiler power and downcomer water level are shown in Table 4 in the response
to RAI 31. Table 17-2 will be updated to include the measured boiler power and downcomer water
level in the approved version of WCAP-16996-P. The estimated downcomer condensation rate is
given in Tables 1 through 3 in the response to RAI 31 and was used to calculate the nominal lower
bound and upper bound Qcond values in Table 4.
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RAI #35: Scale Impact on Cold Leg Condensation

WCAP-16996-P/WCAP-16996-NP, Volumes I, Il and Ill, Revision 0, Subsection 6.3.6, “Special
Model: Cold Leg Condensation Model,” and Subsection 17.2.1, “Test Facilities and Tests
Description,” explain that the Westinghouse horizontal injection COSI dataset, Framatome COSI
dataset and ROSA-IV large scale test facility (LSTF) Test SB-CL-05 S| condensation separate
effects test dataset were used “to independently perform the validation” of the cold leg
condensation model.

The cold leg diameter of the Westinghouse and Framatome test sections was [ ¢ The
length of the Framatome cold leg test section was only [ ]*¢ from the inlet to the
downcomer compared with [ 1?€ in the Westinghouse test section. The Westinghouse
horizontal COSI test section had an Sl line attached at [ 17 longitudinal
angles with an increased diameter of [ ]*°. The Framatome COSI test section had an Sl
line with a diameter of [ 1€ and was oriented at [ 1€ azimuthal angle and [ i
longitudinal angles. The downcomer water level in the Framatome COSI tests was at [

]?*° and the downcomer condensation rate was evaluated using Equation (17-2). A subset of
qualified Framatome COSI test runs that had zero break flow vented out of the test facility
exiting the cold leg test section were used in the validation process are shown in the Table 17-5.

The LSTF was a 1/48 volumetrically scaled model of a Westinghouse-type 3423 MW1 four loop
PWR. The cold legs were sized to preserve the volumetric ratio and the pipe length-to-square
root of diameter, L/(D)"® ratio for the reference PWR. The table below summarizes major
geometric parameters for the test facility.

Table: Major Geometry Parameters for LSTF ROSA-IV

Parameter LSTF Prototype |Length Ratio
Cold leg diameter (in) 8.15 27.5 3.4
Sl line diameter (in) 3.44 5.20 1.5
Cold leg pipe length
(ft) 121 22.9 1.9
Azimuthal angle (deg) 90° 90°/45° -
Longitudinal angle 45° 90° )
(deg)

For the purposes of validating the cold leg condensation model in the FSLOCA methodology, a
simple modeling approach using a TEE component as shown in Figure 17-9, was applied to
both the Westinghouse horizontal COSI and Framatome COSI test facilities. The noding
diagram for the ROSA-IV SB-CL-05 safety injection tests was similar to that of the
Westinghouse vertical COSI facility. A separate noding diagram, shown in Figure 17-10, was
used for Framatome counter-current COSI tests.

Please clarify the following items related to the validation of the cold leg condensation model in
the FSLOCA methodology that was derived from Westinghouse vertical COSI test data.

(1) Both the Westinghouse and Framatome COSI experiments were performed with the same
cold leg diameter of [ 1*¢ and with the same downcomer geometry. Key geometry
differences involved only the orientation and diameter of the Sl injection line. The
calculation for the heat loss, downcomer condensation, and upper and lower bound of the
cold leg condensation rates for the Framatome tests followed the same procedure that used
for the Westinghouse COSI data reduction. Please explain how the Westinghouse
horizontal injection COSI dataset and the Framatome COSI dataset contribute to the
validation of the FSLOCA methodology cold leg condensation model. Provide the resolution
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of identified open items pertaining to the Westinghouse vertical COSI tests that are also
applicable to the Westinghouse horizontal injection COSI dataset and the Framatome COSI
dataset.

(2) ROSA-IV LSTF Test SB-CL-05 was used as a separate effects test for cold leg Sl
condensation by modeling only the cold leg and Sl injection portion in ROSA-IV and using
test measurements of instantaneous flow conditions in the cold leg at four selected
instances [ ]*° Please explain which of the flow
parameters in Table 17-7, “ROSA SB-CL-05 S| Condensation Test Data for separate effects
tests (SETs),” were measured and how the provided experimental values were established
and qualified. For example, test measurements can exhibit noticeable oscillations in time.
For all remaining parameters in Table 17-7, if any, please provide the expressions used for
their calculation.

(3) WCAP-16996-P/WCAP-16996-NP, Volumes |, Il and Ill, Revision 0, Subsection 17.2.2,
“Description of WCOBRA/TRAC-TF2 Models,” explains that in the cold leg condensation
model validation studies based on the Westinghouse horizontal COSI test facility,
Framatome COSI test facility, and ROSA-IV LSTF, a simple modeling approach with a TEE
component was applied to simulate only “the scaled part of the cold leg” with the side TEE
junction representing the injection port. Please explain how “the scaled part of the cold leg”
was determined in the assessment studies and show that the applied scaling has no impact
on the assessment results.

(4) The comparison between the calculated condensation rates and the experimentally derived
rates for LSTF ROSA-IV SB-CL-05 cold leg condensation test, shown in Figure 17-13,
indicates that WCOBRA/TRAC-TF2 under-predicted all four rates. WCAP-16996-P/WCAP-
16996-NP, Volumes I, Il and lll, Revision 0, Section 17, “Cold Leg Condensation: COSI
Experiments, ROSA-IV SB-CL-05 Experiment, and UPTF-8A Experiment,” does not provide
direct comparison of WCOBRA/TRAC-TF2 predictions for the Sl condensation rate against
test data from test facilities other than COSI and LSTF. Please demonstrate that the
WCOBRA/TRAC-TF2 cold leg condensation model will not inherently and systematically
over-predict the cold leg condensation rate in PWR LOCA analyses if such a model is based
on indirect measurements in a single scaled test facility with regard to PWR cold leg
geometry.

Response:

(1) Both the Westinghouse horizontal COSI tests and the Framatome COSI tests are part of
validation matrix for the cold leg condensation model. The only difference between the
Westinghouse horizontal COSI tests and the vertical COSI tests is the Sl line diameter and the
injection angle. Other parameters, such as the system pressure, Sl flow rate and boiler power
are similar in both tests. It was discussed in the response to RAI 30 that the diameter of Sl line
is [

]a,c

Framatome COSI shared the same testing facility with Westinghouse COSI but with a shorter

cold leg test section as shown in Figure 17-5 of WCAP-16996-P. The shorter cold leg is more

appropriate from a scaling standpoint. The scaling effect of the cold leg diameter in the

response to RAI 30 is applicable to the Framatome COSI test facility. [
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1€ in Westinghouse COSI shown in Table
1 of the response to RAI 30, which is [

]a,c

]a,c
Since the cold leg diameter is the same for both the Westinghouse COSI tests and the

Framatome COSI tests, the discussion on the cold leg diameter effect in the response to RAI 30
is applicable to the Framatome COSI test.

[

] a,c
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Figure 1. Plot of jg and jl in the Framatome COSI tests at 7.0 MPa against the Taitel
Dukler flow regime map. The horizontal stratified flow regime is inside the solid line.

Figure 2. Plot of jg and jl in the Framatome COSI tests at 2.0 MPa against the Taitel
Dukler flow regime map. The horizontal stratified flow regime is inside the solid line.
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(2) The ROSA SB-CL-05 experiment is an integral effects test featuring high head safety
injection toward the cold leg. Unlike the COSI experiment, there was no steady state in the cold
leg during the ROSA test. However, it is found that the cold leg flow condition in the boil off
stage of SB-CL-05 is stable and the transient is slow. [

]a,c

The ROSA SB-CL-05 data reduction process included the use of raw data, establishing data
points and converting test data to condensation heat transfer rates. First, the measured
pressure transient of the experiment was used. [

] a,c

]a,c

WCAP-16996-NP-A November 2016 NP-37
Revision 1


rudakem
Typewritten Text
a,c


A-257 LTR-NRC-13-31 NP-Attachment

Figure 3. Pressurizer pressure transient in ROSA SB-CL-05 (Figs. 5.7 and 5.8 in
Reference [2]).

Figure 4. Measured fluid temperature in the cold leg and Sl temperature. (Reference [2]).
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Figure 5. Measured Intact loop (Loop A) steam flow rate in ROSA SB-CL-05. (Reference
[2]).
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Figure 6. Measured Intact loop (Loop A) ECC flow rates in ROSA SB-CL-05. (Reference
[2]).
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(3) It is clarified that, in the validation cases, both the Westinghouse horizontal COSI tests and
the Framatome COSI tests were simulated with [

17 In the response to RAI 30, it was shown that the extra length
of the cold leg in the COSI facility is a secondary effect on the cold leg condensation rate though
a bias was introduced. The results of ROSA prediction presented in the response to RAI 33
indicates that the total condensation rate of the properly scaled ROSA cold leg is [

1*¢ The Beaver Valley Unit 1 cold leg condensation
prediction also shows that [

]a,c

(4) The condensation heat transfer rates were compared to the Westinghouse COSI tests, the
Framatome COSI tests, and the ROSA SB-CL-05 tests to demonstrate the performance of the
cold leg condensation model. However, the data reduction to obtain condensation heat transfer
rate followed different approaches. [

]a’C A detailed data reduction process has been provided in the
response to question (2).

The main reason the condensation heat transfer rate comparison was not provided for the
assessment of UPTF 8A and UPTF 25A is that, unlike SBLOCA tests of COSI and ROSA SB-
CL-05, the temperature measurements in LBLOCA tests such as UPTF 8A showed excessive
oscillations. The oscillations impact the data reduction process when converting the cold leg
temperature to the condensation heat transfer rate. It is more appropriate to compare the
measured cold leg temperature and the predicted cold leg temperature to assess the
condensation prediction in LBLOCA cases. [

1%€ If the condensation heat transfer rate is [

]*° Section 17.3 in WCAP-
16996-P shows the water temperature at the outlet of the cold leg was [

]a,c

However, the condensation effect can be indirectly compared with the steam condensation rate.
The predicted steam condensation rate in the UPTF 8A loop 2 cold leg is compared with the
estimated steam condensation rate by MPR [3]. The steam condensation rate is defined as the
steam flow rate difference between the inlet and the outlet of cold leg. Figure 7 shows the
predicted values [ ]*° The steam condensation
rate is [

1*€ Those behaviors are
consistent with the cold leg temperature prediction in Section 19.3.8 of WCAP-16996-P.
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Figure 7. Comparison between the predicted steam condensation rate and the measured
steam condensation rate in UPTF 8A experiment. The ECC flow rate points (100kg/s to
600kg/s) correspond to UPTF 8A stages 6 through 1.
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1 Background

This document provides an overview of the responses to Requests for Additional Information (RAIs) 36-
39 [1] on the FULL SPECTRUM™ LOCA (FSLOCA™") Methodology [2] and the updates to the
FSLOCA methodology related to fuel pellet thermal conductivity degradation (TCD) |
1™ Along with this overview, the following materials are also
provided:
- Responses to RAIs 36-39
- Updates to Sections 2, 8, 11, 25, 26, 29, 30, and 32 of the FSLOCA topical report

In RAIs 36-39 [1], further information was requested regarding:
- RAI36: the modeling of fuel TCD in WCOBRA/TRAC-TF2 (WCT-TF2),
- RAI37: the effects of TCD on initial stored energy and the modeling of fuel rod burnup,
- RAI38: the treatment of fuel rod related parameters that are burnup dependent, and
- RAI 39: the fuel burnup sampling approach in the FSLOCA methodology.

] a,c

Westinghouse has recently submitted the PADS fuel rod design methodology [4] that includes explicit
treatment of fuel TCD. In conjunction with responding to RAIs 36-39, |

]a,c

The following sections provide a high level summary of the updates made to the FSLOCA methodology
in each of these categories. The final section provides a summary of the updates made in each of the
FSLOCA topical sections.

Throughout this overview, items in (italics) refer to further detail provided in the attached RAI responses
and updated FSLOCA topical sections.

ZIRLO is a registered trademark and Optimized ZIRLO, FULL SPECTRUM and FSLOCA are trademarks of
Westinghouse Electric Company LLC, its affiliates and/or its subsidiaries in the United States of America and may be
registered in other countries throughout the world. All rights reserved. Unauthorized use is strictly prohibited. Other

names may be trademarks of their respective owners.
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2 [ ] a,c

The Modified Nuclear Fuels Industries (NFI) fuel thermal conductivity model, as included in FRAPCON
3.3 [5], includes explicit treatment of fuel TCD. The FSLOCA methodology has been updated to use the
Modified NFI model in all analyses with nuclear fuel, including plant analyses. PADS calculations are
used in initializing WCT-TF2 fuel rods in plant analyses; PADS also explicitly accounts for TCD and
includes detailed fuel rod models important for predicting initial fuel pellet temperatures and rod internal
pressures over the life of the fuel. |

1*€ (Section 11.4, RAI
36, RAI 37)

The consideration of fuel TCD |

] a,c
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1*¢ The calculation of MLO includes both
pre-accident corrosion and the oxidation occurring during the LOCA, consistent with NRC Information
Notice 98-29 [7]. |

1™ The NRC

has initiated the formal process to revise 10 CFR 50.46, and it is anticipated that the MLO criterion will
be replaced with an Equivalent Cladding Reacted (ECR) limit based on cladding hydrogen content (along
with other considerations). A submittal (Appendix A) will be provided at a later date that describes how
the FSLOCA evaluation model (EM) will comply with the known elements of the 10 CFR 50.46¢
rulemaking when the rulemaking process is complete. (RAIs 38 and 39, Sections 29.4, 30.1, and 32)

] a,c
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Because |
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] a,c

5 Summary

The updates to the FSLOCA methodology to explicitly consider TCD have prompted a set of closely
related updates and improvements. The updates to the FSLOCA topical sections included in this
response package are as follows:

Section 2: (Section 2.3.2.1)
- Updates to | 1™

Section 8: (Sections 8.4, 8.4.1, and 8.6)
- Updates related to [ 1™

Section 11: (Section 11.4)
- Update to identify the use of the Modified NFI fuel thermal conductivity model.

Section 25: (Introduction, Sections 25.1, 25.2, 25.8)
- Updates related to |

] a,c

Section 26: (Sections 26.4, 26.5)
- Updates for [

] a,c

Section 29: (Introduction, Sections 29.4.1, 29.4.2, 29.5.1, and 29.7)
- Updates for |
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] a,c

Section 30: (Sections 30.1, 30.4, 30.5, 30.6, and 30.7)

Updates to identify that MLO is calculated as the sum of pre-accident oxidation and the oxidation
occurring during the LOCA.
Updates to |

] a,c

Section 32: (Sections 32.1, 32.2, and 32.4)

- Updates to identify that MLO is the sum of pre-accident oxidation and the oxidation occurring
during the LOCA.
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Question #36: Fuel Thermal Conductivity Model

WCAP-16996-P/WCAP-16996-NP, Volumes I, II and III, Revision 0, Section 11.4, “Thermal Properties
of Nuclear Fuel Rod Materials,” explains that the COBRA/TRAC-TF2 default nuclear fuel rod model
computes the UO, thermal conductivity from a MATPRO-9 correlation to reduce computer time. It is
also explained that this correlation has the same error band of 0.2 W/(m-K) and gives very nearly the
same conductivity over the expected operating range of 500 K to 3,000 K when compared to the more
complex version in MATPRO-11. Section 11.4 also states that an additional optional model is also
provided in WCOBRA/TRAC-TF2 to account for the effects of burnup on thermal conductivity. The
model, referred to as “the modified Nuclear Fuel Industries (NFI) model,” is described as based on the
Nuclear Fuels Industries (NFI) model by Ohira and Itagaki, on pages 541-549 of “Thermal Conductivity
Measurements of High Burnup UO, Pellet and a Benchmark Calculation of Fuel Center Temperature,” in
Proceedings of the ANS international topical meeting on LWR Fuel Performance, Portland, Oregon,
March 2-6, 1997. Section 11.4 also provides the range of applicability of the modified NFI correlation
with regard to temperature, rod-average burnup and as-fabricated density in accordance with
NUREG/CR-6534, “FRAPCON-3 Updates, Including Mixed-Oxide Fuel Properties,” Vol. 4, 2005.

Please clarify the following items related to the default nuclear fuel rod model in WCOBRA/TRAC-TF2
and the modeling approach to account for the effects of burnup on fuel thermal conductivity in LOCA
analyses.

(1) The default thermal conductivity model in WCOBRA/TRAC-TF2, based on a MATPRO-9
correlation, does not explicitly account for fuel thermal conductivity degradation with burnup. Please
describe the purpose of this model and state the conditions under which its application in LOCA
analyses is considered acceptable and justify so. If overestimation of thermal conductivity can be
associated with the application of the model for such analyses, are there any other code adjustments in
WCOBRA/TRAC-TF2 to compensate for this limitation.

(2) The additional optional model implemented in WCOBRA/TRAC-TF2 to account for the effects of
burnup on thermal conductivity is based on a modification of the NFI correlation, which agrees with
Equation (2.3-9) in NUREG/CR-7024, “Material Property Correlations: Comparisons between
FRAPCON-3.4, FRAPTRAN 1.4, and MATPRO,” March 2011. Such a burnup dependant model
was not available in the previous ASTRUM LBLOCA methodology documented in WCAP-16009-P-
A (Nissley, M. E., et al., 2005). Please describe the conditions under which this “additional optional
model” is considered applicable in FSLOCA LOCA analyses and provide justification.

(3) Please explain how the WCOBRA/TRAC-TF2 nuclear fuel rod model was evaluated for predicting
degradation of fuel thermal conductivity with burnup. Describe how contributions from other
processes and models such as gap conductance, fission gas release, and radial power profile were
taken into consideration in the evaluation. Present analysis results, if available, and provide
references to existing assessments that demonstrate the applicability of the model for the purposes of
the FSLOCA methodology applications. Include findings from benchmarking against measured data,
if available.
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(4) The current Westinghouse fuel rod design methodology (approved by NRC in July 2000) is based on
the Performance Analysis and Design (PAD) 4.0 fuel performance code, “Westinghouse Improved
Performance Analysis and Design Model (PAD 4.0),” WCAP-15063-P-A/WCAP-15064-NP-A,
Revision 1. The PAD 4.0 code has a thermal conductivity model with no burnup dependence. Please
explain if specialized fuel performance codes were used in support of the evaluation of the
WCOBRA/TRAC-TF2 nuclear fuel rod model for predicting fuel thermal conductivity degradation
with burnup. If this was the case, please present the assessment results and include comparison of
prediction results for fuel temperatures and rod internal pressures obtained by the codes using the
same input conditions. Provide references to the available assessment documentation.

Response:

In conjunction with the response to RAIs 36-39, the aspects of Section 11 and 29 of the FSLOCA Topical
report [ 1] related to fuel rod burnup and pellet thermal conductivity have been updated. Along with those
updates, the response to RAI 36 describes the updated fuel thermal conductivity treatment. When
referring to the contents of Sections 11 and 29, this response is referring to the updated section.

Response to Parts (1) and (2) of the RAI

The revised Section 11.4.1 of WCAP-16996-P describes a version of the Nuclear Fuels Industries (NFI)
thermal conductivity model as modified in FRAPCON 3.3 [2], which explicitly accounts for thermal
conductivity degradation (TCD) with burnup. This modified NFI model will be used in FSLOCA plant
analyses and in the simulation of validation tests (e.g. LOFT) involving UO, fuel pellets.

The MATPRO-9 correlation described in the original Section 11.4.1 of WCAP-16996-P is no longer
included in the FSLOCA analysis methodology.

Response to Part (3) of the RAI

As stated in the revised Section 11.4.1, the modified NFI fuel thermal conductivity model is applicable
over the following range of conditions (see also Section 2.4 of [2]):

Temperature = 300 — 3000K
Rod-Average Burnup = 0-62 GWD/MTU
As-fabricated Density 92 — 97% Theoretical Density

The above conditions cover the range expected for the FSLOCA EM.

The updated Figure 11-29 of WCAP-16996-P, taken from Figure 2.4 of [2], shows that the thermal
conductivity model compares well to unirradiated pellet material data. Section 2.3 of [2] also shows that
the model is adequate for predicting the conductivity of irradiated material.

Westinghouse has recently developed, and submitted to the USNRC, an updated version of the PAD fuel
performance code, PADS [3]. The updated fuel performance code is designed to supersede PAD 4.0 and
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FATES3B. Among other features, PADS includes an explicit treatment of burnup-related phenomena
such as fuel TCD.

The final, approved version of PADS5 will be the fuel performance interface to the FSLOCA EM. As
described in Section 4.3 of [3], the PADS5 code includes models for accurate prediction of fission gas
release. Section 3.6.2 of [3] describes the PADS pellet radial power distribution model. |

] a,c

Figure RAI36-1 shows a comparison of the modified NFI conductivity model used in WCOBRA/TRAC-
TF2 (WCT-TF2) and the model in PADS [3]. |

]a,c

As described in Section 11.4.4 of [1], the gas conductance is calculated based on the individual species’
mole fractions and their respective thermal conductivity correlations. The thermal conductivity
correlations for the fill and fission gases, taken from MATPRO-11 Rev.1 and shown in Section 11.4.4 of

[11. 1

] a,c

In WCT-TF2, a temperature jump distance is used in Equation 8-29 of [1] to compensate for the
nonlinearity of the temperature gradient near the walls and the temperature discontinuities on the wall
surface that result from incomplete thermal mixing of the gas molecules near the surface. Similarly,
considerations are made in the PADS5 code as described in Sections 3.5.2 and 3.5.3 of [3], although this
effect is neglected for all gases except Helium.

The pellet-cladding contact conductance model is described in Section 8.3.2 of [1], and was chosen based
on its agreement with a wide range of contact conductance data. |

] a,c
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Response to Part (4) of the RAI

]*¢ The thermal conductivity model for the pellet in
WCT-TF2 relies on an industry-accepted correlation that has been benchmarked to test data and has been
found to be applicable over the range of conditions expected in the FSLOCA EM in [2]. Similarly, |

]a,c
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Question #37: Burnup Impact on Fuel Thermal Conductivity and Initial Stored Energy

Concerned about the impact of irradiation on fuel thermal conductivity, the U.S. Nuclear Regulatory
Commission (NRC) issued Information Notice (IN) 2009-23 dated October 8, 2009 (ML091550527). In
particular, IN 2009-23 states that “safety analyses performed for reactors using pre-1999 methods may be
less conservative than previously understood.” WCAP-16996-P/WCAP-16996-NP, Volumes I, II and III,
Revision 0, Section 11.4, “Thermal Properties of Nuclear Fuel Rod Materials,” explains that the
WCOBRA/TRAC-TF2 nuclear fuel rod model uses a default UO, thermal conductivity model based on a
MATPRO-9 correlation that does not account for the effect of degradation with burnup. An additional
optional model based on the Nuclear Fuels Industries (NFI) model by Ohira and Itagaki (1997) is
provided to account for the effects of burnup on thermal conductivity.

With regard to LOCA applications, WCAP-16996-P/WCAP-16996-NP, Volumes I, II and III, Revision 0,
Section 8.6 explains that the steady state fuel temperature is calibrated against the PAD code and refers to
WCAP-16996-P Section 29. Subsection 29.4.2.2, “Initial Calibration of the Steady-State Condition for
the Nuclear Rods,” explains that the initial fuel temperature and rod internal pressure for Westinghouse
pressurized water reactors (PWRs) are calibrated against the PAD 4.0 fuel performance code,
“Westinghouse Improved Performance Analysis and Design Model (PAD 4.0),” WCAP-15063-P,
Revision 1, 1999. The calibration for Combustion Engineering (CE) PWRs is performed against the
FATES3B code, “Improvements to Fuel Evaluation Model,” CEN-161(B)-P, Supplement 1-P-A, CE,
1992. Subsection 29.4.2.2 of WCAP-16996-P/WCAP-16996-NP, Volumes I, II and III, Revision 0,
Section 29, also states that “the initial fuel temperature is a function of the peak linear heat rate and
burnup.”

Please clarify the following items related to the nuclear fuel rod model and modeling approach in
WCOBRA/TRAC-TF2 with regard to accounting for the effects of fuel burnup in LOCA analyses.

(1) Please explain how the FSLOCA methodology accounts for fuel burnup effects in obtaining core
thermal-hydraulic parameters and fuel thermal response under steady state for the purpose of
initialization of LOCA analyses. Include consideration of factors related to different reactor fuel
cycles, reactor operation time in a cycle, and core nodalization. The FSLOCA methodology core
nodalization scheme models a single hot rod and a hot assembly and represents the rest of the core by
3 separate assembly groupings: (1) low power assemblies on core periphery, (2) average power
interior assemblies under guide tube structures, and (3) average power interior assemblies located
under other structures. Please explain how WCOBRA/TRAC-TF2 accounts for individual fuel
assembly burnup levels for each of the fuel rods that model the reactor core and justify any
assumptions.

(2) If results from any other codes are used in the FSLOCA methodology to initialize, calibrate,
benchmark, match, or in other way alter WCOBRA/TRAC-TF2 calculated results that have an
impact on the initial pellet stored energy, please identify these codes, the frozen code versions used,
and their approval status with the NRC. In addition, please document in details and explain such
calibrating techniques and describe related algorithms, expressions, criteria, limitations, and
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assumptions. Justify the applicability and appropriateness of such techniques to account for the
effects of fuel thermal conductivity degradation with burnup. Cleary explain how results from the
PAD 4.0 or FATES3B codes are used if the code has a thermal conductivity model with no burnup
dependence.

(3) If the FSLOCA methodology employs initial calibration of the steady state condition for the nuclear
rods by altering the initial fuel temperature and rod internal pressure, please explain why
WCOBRA/TRAC-TF2 predictions results for LOCAs should be considered acceptable in terms of
describing the core fuel transient responses. In this regard, please present any supporting analyses, if
available.

Response:

In conjunction with the response to RAIs 36-39, the aspects of Section 11, 26, and 29 of the FSLOCA
Topical report [1] related to fuel rod burnup, pellet thermal conductivity, and pellet average temperatures
have been updated. Along with those updates, the response to RAI 37 describes the updated fuel thermal
conductivity treatment and the initialization of the fuel rod in WCOBRA/TRAC-TF2 (WCT-TF2).

Response to Part (1) of the RAI

The response to RAI 39 describes the updated fuel burnup sampling methodology. Please see the
response to RAI 39 and the updated Section 29.4.1.1 for a detailed description of how fuel burnup effects
are considered in defining the various rods (hot rod, hot assembly rod, core balance rods, and low-power
rod). [

]a,c

Response to Part (2) of the RAI

[ 1™ PADS5 was recently
submitted to the USNRC [2], and is designed to supersede PAD 4.0 and FATES3B. The fuel pellet
thermal conductivity models in WCT-TF2 and PADS both explicitly account for the effects of fuel
thermal conductivity degradation. [

™ The applicability of the pellet thermal conductivity model used in WCT-TF2 is

established in [3], which has shown the model to be applicable within the range expected for the
FSLOCA EM.

] a,c
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] a,c

Response to Part (3) of the RAI

] a,c
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]a,c

References:

1. WCAP-16996-P, “Realistic LOCA Evaluation Methodology Applied to the Full Spectrum of
Break Sizes (FULL SPECTRUM LOCA Methodology),” November 2010.

2. WCAP-17642-P (Proprietary), WCAP-17642-NP (Non-Proprietary), “Westinghouse
Performance Analysis and Design Model (PADS),” 2013.

3. NUREG/CR-6534, Volume 4, “FRAPCON-3 Updates, Including Mixed-Oxide Fuel Properties,”
Pacific Northwest National Laboratory, 2005.
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Figure RAI37-2
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Figure RAI37-4
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Figure RAI37-5
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Figure RAI37-6

WCAP-16996-NP-A

[

Westinghouse Non-Proprietary Class 3

]a,c

NP-23

LTR-NRC-14-17 NP-Attachment

November 2016
Revision 1

a,c



A-284 Westinghouse Non-Proprietary Class 3 LTR-NRC-14-17 NP-Attachment

Question #38: Treatment of Fuel Burnup Dependant Parameters

WCAP-16996-P/WCAP-16996-NP, Volumes I, 11, and III, Revision 0, Section 29, “Assessment of
Uncertainty Elements,” states that “many fuel related parameters are a function of burnup.”

Please clarify the following items related to the consideration of burnup effects on nuclear fuel rod related
parameters in the FSLOCA™ methodology and the accounting for such effects in LOCA analyses.

(1) Please identify the parameters that have been identified as dependant on variability in the fuel
burnup. Describe the importance of each parameter with regard to its possible impact on steady
state initialization results and on LOCA transient predictions obtained by using the FSLOCA
methodology.

(2) Please explain how the functional dependence of each of the identified parameters on the fuel
burnup accounts for variability in burnup and provide the burnup range that was considered.
Describe how the burnup sampling process proposed for the FSLOCA methodology affects the
treatment of each of these parameters.

(3) From the list of parameters identified as burnup dependant, please identify those that are sampled
on their own in the FSLOCA methodology. Explain how burnup is accounted for in the definition
of the sampling ranges and sampling distributions for each of these burnup dependant parameters.

(4) Please provide a table that summarizes the findings in response to the above identified items.

Response:

In conjunction with the response to requests for additional information (RAI) 36-39, the aspects of
Section 29 of the FULL SPECTRUM LOCA Topical report [1] related to fuel rod burnup have been
updated. Along with those updates, the response to RAI 39 describes the updated fuel burnup sampling
methodology. Within that context, many fuel-related parameters remain a function of rod burnup, and so
it is within that context that a response is provided here. When referring to the contents of Sections 25, 29
and 30, this response is referring to the updated section.

The treatment of the important burnup-related parameters is summarized in Table RAI38-1. The
following discussion provides details specific to each of the listed parameters.

] a,c
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] a,c
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] a,c

As described in Section 30.1, the FSLOCA methodology demonstrates compliance with the 10 CFR
50.46(b)(2) oxidation criterion by showing that the sum of pre-accident oxidation and the oxidation
occurring during the LOCA remains below the 17% limit. |

] a,c
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Other nuclear fuel rod parameters are dependent upon the rod average burnup, but are of secondary
importance for the steady-state and transient predictions. These parameters are included in the models to
ensure reasonable agreement between WCOBRA/TRAC-TF2 (WCT-TF2) and PADS with respect to
steady state initialization, and their uncertainty is not considered in the FSLOCA methodology.
- Pellet-Cladding Gap Gas Composition (Section 11.4.4): The gas composition as a function of rod
average burnup |[ 1™
- Pellet-Cladding Gap Conductance (Section 8.3.2): The gap conductance is the sum of thermal
radiation conductance, conductance of the fill gas, and conductance due to pellet-clad contact
pressure. It is calculated using the models in WCT-TF2 [

] a,c

- Pellet-Cladding Gap Width: [

] a,c

In summary, one independently sampled parameter in the FSLOCA uncertainty methodology is [

] a,c
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Reference:

1. WCAP-16996-P, “Realistic LOCA Evaluation Methodology Applied to the Full Spectrum of Break
Sizes (FULL SPECTRUM LOCA Methodology),” November 2010.

WCAP-16996-NP-A NP-28 November 2016
Revision 1



A-289 Westinghouse Non-Proprietary Class 3 LTR-NRC-14-17 NP-Attachment

Table RAI38-1 Summary of Important Fuel-Burnup-Dependent Parameters

Parameter Sampling Approach Basis

] a,c
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Question #39: Fuel Burnup Sampling

Please describe the process of fuel burnup sampling as proposed in the FSLOCA methodology. Describe
the sampling technique and explain how the proposed sampling approach accounts for fuel burnup
variability with regard to space in consideration of fuel assemblies with different burnup in the core (e.g.,
fresh, once-burned, and twice-burned fuel) as well as for fuel burnup variability with regard to time in
consideration of different fuel cycles (non-equilibrium and equilibrium) and reactor operation time in a
cycle. In addition to the information in WCAP-16996-P/WCAP-16996-NP, Volumes I, II, and III,
Revision 0, Subsection 29.4.1.1, “Time in Cycle,” please explain if any such aspects due to burnup
variability in space and time have been simplified or ignored in the proposed FSLOCA methodology fuel
burnup sampling approach and provide justification.

Response:
In conjunction with the response to RAIs 36-39, the aspects of Section 29 of the FSLOCA Topical report
[1] related to fuel rod burnup have been updated. Along with those updates, the response to RAI 39

describes the updated fuel burnup sampling methodology.

As described in the updated Section 29.4.1.1, and further in the response to RAI #38, one parameter that
is independently sampled in the FSLOCA uncertainty methodology [

] a,c
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1™ Regardless of its actual location, the hot assembly is always assumed to
reside in the most limiting location relative to the upper internals such that blowdown cooling is
minimized and the most limiting LOCA results are calculated. [

] a,c

Reference:

1. WCAP-16996-P, “Realistic LOCA Evaluation Methodology Applied to the Full Spectrum of
Break Sizes (FULL SPECTRUM LOCA Methodology),” November 2010.

WCAP-16996-NP-A NP-31 November 2016
Revision 1



A-292 Westinghouse Non-Proprietary Class 3 LTR-NRC-14-17 NP-Attachment

Updates to Section 2.3.2.1 of WCAP-16996-NP

“Realistic LOCA Evaluation Methodology Applied to the

Full Spectrum of Break Sizes

(FULL SPECTRUM LOCA Methodology)”
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2.3.2 Identification of System, Components, Processes and Ranking

2.3.2.1 Fuel Rod

Stored Energy

The stored energy is the total energy content of the fuel rods, and its spatial distribution, at the initiation
of the transient. The stored energy is primarily a function of axial and radial power distributions
throughout the core, pellet-clad gap conductance, and fuel thermal conductivity. The time in the fuel cycle

at which the transient occurs affects the stored energy primarily through the fuel thermal conductivity and
the gap conductance. |

]a,c
Clad Oxidation

At high temperatures the zirconium base metal in the clad undergoes an exothermic reaction with the
steam. [
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] a,c

Decay Heat

Fission product decay heat is calculated using the American National Standards Institute/ American
Nuclear Society (ANSI/ANS) 5.1-1979 model. Implementation of the model includes consideration of the
spatial distribution, and uncertainty of the decay heat itself. The power history during the transient is also
considered in the Westinghouse analysis methodology. This affects the local power of all fuel rods
included at the PCT location.

] a,c

Clad Deformation (Burst Strain, Relocation)

As the system depressurizes below the rod internal pressure, clad swelling and burst can occur. Fuel pellet
fragments can relocate into the ballooned section of the clad at the burst location, thereby increasing the
local heat generation rate. The clad burst temperature depends on the differential pressure across the clad.
Burst strain depends on the metallurgical phase of the clad at the time of burst. |

] ac
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Table 2-1 PIRT for Full Spectrum LOCA for Westinghouse and Combustion Engineering Plants
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Table 2-1 PIRT for Full Spectrum LOCA for Westinghouse and Combustion Engineering Plants
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Table 2-1 PIRT for Full Spectrum LOCA for Westinghouse and Combustion Engineering Plants
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Table 2-1 PIRT for Full Spectrum LOCA for Westinghouse and Combustion Engineering Plants
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Table 2-2 Requirement Assessment Against FSLOCA PIRT: Model Availability and Need
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(cont.)

Table 2-2 Requirement Assessment Against FSLOCA PIRT: Model Availability and Need

WCAP-16996-NP-A

NP-41

November 2016
Revision 1

a,c



A-302

Westinghouse Non-Proprietary Class 3

LTR-NRC-14-17 NP-Attachment

(cont.)
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Updates to Sections 8.4, 8.4.1 and 8.6 of WCAP-16996-NP

“Realistic LOCA Evaluation Methodology Applied to the

Full Spectrum of Break Sizes

(FULL SPECTRUM LOCA Methodology)”

WCAP-16996-NP-A NP-53 November 2016
Revision 1



A-314 Westinghouse Non-Proprietary Class 3 LTR-NRC-14-17 NP-Attachment

8.4 FUEL ROD DEFORMATION MODEL
Model Basis

Fuel pellet and cladding dimensional changes will occur during a loss-of-coolant accident, as a result of
the thermal and mechanical stresses present in a nuclear fuel rod. The fuel rod deformation model
calculates these changes and their effects on the core transient thermal-hydraulics. WCOBRA/TRAC-TF2
calculates the effects of fuel rod deformation on the pellet-cladding gap conductance, the cladding
dimensions used in the conduction equation and the calculation of cladding oxidation, the cladding
surface heat transfer area, and the continuity and momentum areas of the fluid cells associated with the
fuel rods. The modeling of each of these effects is discussed in this section.

Model as Coded

The fuel rod deformation mechanisms which are modeled in WCOBRA/TRAC-TF2 are described in
Section 8.4.1. The effects of fuel rod deformation on the core transient thermal-hydraulics are discussed
in Section 8.4.2.

8.4.1 Deformation Mechanisms
Fuel Pellet Thermal Expansion

The axial and diametral thermal expansion of the fuel is calculated using the MATPRO-11 (Revision 1)
(Hagrman, Reymann, and Manson, 1980) FTHEXP subroutine correlation for thermally induced strain in
UO.. The correlation was simplified by omitting the corrections for molten fuel and mixed oxide (Pu).
FTHEXP will return the same numerical value as the correlation in WCOBRA/TRAC-TF2, when
FCOMP (weight percent PuO2) is equal to zero, and when T (fuel temperature) is less than FTMELT (fuel
melting temperature). This is apparent by inspection of the subroutine listing in MATPRO.

In this model, the radial cracks in the fuel are assumed to relieve the hoop and radial stresses, allowing
unrestrained radial movement of the fuel in each concentric radial node. The total radial movement at the
fuel pellet surface is the sum of the expansion in all the fuel nodes.
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NFUEL
(Arg)pa = Y, & (T);An (8-36)
i=1
where:
& (Ty); = thermal strain at axial node j and radial node i
= 1x107°T, +0.04 exp (-5000/T;) — 0.003
T; = node temperature (K)
Ar; = thickness of radial node i
NFUEL = number of radial nodes in the fuel

The stress-free axial thermal expansion of the fuel pellet stack is calculated in an analogous manner. The
fuel pellet stack length change due to the thermal expansion is:

NDX
(Mg = 2, &, (T;) AX; (8-37)
j=1
where:
e, (T j) = thermal strain at axial node j based on volume-averaged radial node
temperatures
AX; = height of axial node j
NDX = number of axial nodes

Cladding Thermal Expansion

The axial and radial thermal expansion of the cladding are calculated using the CTHEXP subroutine
correlations from Hagrman, Reymann, and Manson (1980). The radial thermal expansion is calculated as:

(At )eiag =& (T))r (8-38)
where:
e (T j) = radial thermal strain at axial node j based on the average cladding temperature
(Table 8-1)
r = cladding mean radius (cold)
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The axial thermal expansion of the cladding is:
NDX
(Alp)etaa = D €2 (T)) AX; (8-39)

j=1

where:

€y (T i) = axial thermal strain at axial node j based on average cladding temperature at
node j (Table 8-1)
AX; = height of axial node j

Cladding Elastic Deformation

When the pellet-cladding gap is open, elastic deformation of the cladding is driven by the difference
between the fill gas and system pressures. If the gap closes, the cladding deformation is caused by the
radial motion of the fuel. In both cases, the cladding is assumed sufficiently thin for the stress, strain, and
temperature to be uniform throughout the cladding thickness.

In the open gap elastic deformation model, the cladding is considered as a thin cylindrical shell loaded by
internal and external pressures. (Axisymmetric loading and deformation are assumed.) The radial and
axial elastic deformation is the result of hoop stress and axial stress caused by pressure difference. These
stresses are given by the following equations:

P, -1 P,

— 171

gy =-il oo (8-40)

Gy, ) (8-41)

where:

I, = cladding outside radius

I = cladding inside radius

T, = cladding thickness

P, = internal fill gas pressure ( P; if the gap is open, Equation 8-46; P, if the gap

is closed, Equation 8-49)

P, = system pressure
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The radial stress component is neglected, yielding the following relationships from Hook’s Law:

€p ZEZL(GG —VGZ) (8-42)
r E
A1
gz =—=—(0z7 Vo 8-43
2=, "F (o7 0) (8-43)
where:
€ = hoop strain
€y = axial strain
E = modulus of elasticity (Young’s modulus)
Y = Poisson ratio, E/2G —1 where G = shear modulus

The modulus of elasticity and the shear modulus are shown in Table 8-2.

The relations for the cladding radial and axial elastic deformations, then, are:

(AT )ctag = EoT (8-44)
NDX
(Al Detag = 2, €7 AXj (8-45)
=1
where:
€ = hoop strain at axial node j
r = cladding mean radius
€y = axial strain at axial node j
Ax; = height of axial node j

The internal fill gas pressure used to determine the cladding elastic deformation when the gap is open is
calculated from the relation:

M-R
PG = v, NDX 2 _2 NDX 2 N\DX 2 (8-46)
P Y mAX o N A et Y rAX el
. T, . T . I
P j=1 G j=1 \% j=1 F
where:
M = gram-moles of gas in fuel rod
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AX

ci

Iy

Tfvoid
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gas plenum volume, including effects of fuel and cladding axial expansion (ft’)
(from Equations 8-37, 8-39, and 8-45)

gas plenum temperature (K) (defined as the temperature of the cladding at the
top of the fuel rod + 10 K)

computational cell length at axial level j (ft)

cladding inside radius including thermal and elastic expansion, and creep
deformation (ft) (from Equations 8-38, 8-44, and 8-59)

fuel outside radius including thermal expansion (ft) (from Equation 8-36)

gas constant (6.1313 ft-1bf/g-mole-K)

radius of central void (ft) (from input data)
gas gap temperature (K)

central void temperature (K)

averaged fuel pellet temperature

radius of additional fuel void in the fuel pellet

This is a static lumped pressure model, similar to those in FRAP or GAPCON. The pressure is assumed
uniform throughout the fuel rod, with constant fission gas inventory.

In the closed gap deformation model, the cladding is considered as thin-wall tubing with a specified
displacement at the inside and pressure loading at the outside surface. The radial fuel displacement at
which contact occurs can be calculated as:

where:

TglL

Tg,cold

(At ) gyel

WCAP-16996-NP-A

(AT ) el = (A ) lad T (AT )etag T T cold = TglL (8-47)

fuel cladding gap width that defines the closed gap (i.e., 3.6 (R;+R,) as in
Equation 8-33)

user-input cold fuel cladding gap width (including burnup-dependent effects)

fuel radial thermal expansion (Equation 8-36)
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(A1, ) elad = cladding radial thermal expansion (Equation 8-38)

(ATy ) glad cladding creep deformation (Equation 8-59)

Fuel radial displacement due to contact is assumed negligible, so the radial elastic deformation of the
cladding must be equal to the applied fuel displacement on the inside surface,

/ —
(Arth )fuel - (Arth )fuel - (Arth )clad - (Arcr)clad + Tg |L " Tg,cold

(AT etaa = (AT fuer (8-48)

The pellet-cladding interfacial pressure generated by the applied displacement can be computed using the
equilibrium stress (Equations 8-40 and 8-41), Hook’s Law (Equations 8-42 and 8-43), and the applied

displacement (Ar}, )p; - The interfacial pressure is:

/ 2 2 2 2 2
— (Arth)fuel Erc (1‘0 -5 ) + Iy (1‘0 -5 )_ro TV
2

= (8-49)
(g (r02 _rlz) - rlzch] (2

int 2
1(r0 | )_ TV

where:
(Art/}1 )fuel = applied fuel displacement in cladding (from Equation 8-48)
E = modulus of elasticity
T, = cladding thickness
T, = cladding outside radius

= cladding inside radius

= cladding mean radius
Poisson’s ratio for the cladding
= gystem pressure (on the outside surface of the cladding)

o»-g< I S
Il

The elastic deformation when the gap is closed is evaluated using the relation in Equation 8-44, but the
internal pressure P; is defined as the interfacial pressure P;,, from Equation 8-49 instead of the fill gas
pressure Pg from Equation 8-46.

Cladding Creep Deformation

The high-temperature creep model is based on tests performed at the Berkeley Nuclear Laboratories in the
United Kingdom. Three cladding material options are available. The first is used for analyses of
Westinghouse manufactured Zircaloy-4 cladding, and is based on the work of Donaldson, Healey, and
Horwood (1985). The second is used for analyses of Westinghouse manufactured ZIRLO" cladding, and
is based on the work of Donaldson and Barnes (1989), and Donaldson, Barnes, and Hall (1989). An
additional option is available for analyses of the Sandvik manufactured Zircaloy-4 cladding used in the
NRU experiments, and is based on the work of Donaldson, Horwood, and Healey (1982).
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The Berkeley test data indicate that high-temperature creep of the cladding materials of interest is well
described by a power law stress dependence and an Arrhenius temperature dependence.

de/dt=A'c" exp (-Q/RT) (8-50)
where:

de/dt = creep rate (sec’)

= hoop stress (MPa)

= activation energy, cal/gm-mole
gas constant, 1.987 cal/gm-mole/K
= temperature (K)

= time

- 9% 0a
|

and A’,n are material-specific functions of T and o . This relationship for creep is commonly referred to
as the Norton creep equation.

The time-dependent hoop stress is given by:

o(t) = (d(t)/2t(t)) P(t) (8-51)
where:

d(t) = mid-wall cladding diameter

= d,(1+¢(t)), where d, = initial mid-wall cladding diameter
T(t) = cladding thickness

= 1, /(1+¢&(t)), where 1, = initial cladding thickness
P(t) = cladding pressure differential
e(t) = engineering strain

If the pressure is assumed to vary linearly over a small increment of time, such that,
P(t)= P, + (dP/dt)At,
where:
P, = cladding pressure differential at the beginning of the timestep

the time-dependent stress is given by:

o(t) = o, (1+&(t)? (1+((dP/dt)/P, )At), (8-52)
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where:

Go = hoop stress at the beginning of the timestep
If the temperature is assumed to vary linearly over a small increment of time, such that:
T(t) =T, + (dT/dt)At,
where:
T, = temperature (K) at the beginning of the timestep
Then:
exp(—Q/RT(t)) = exp(—Q/RT,(1+ ((dT/dt)/T,)At)) (8-53)

A good approximation to this expression is:

exp(—Q/RT(t)) = exp(—Q/RT,)(1+ (dT/dt)(Q/ RT02 )At (8-54)
provided that | (dT/dt)(Q/RT2)| At<0.01.

Substituting Equations 8-52 and 8-54 into 8-50 and allowing for the possibility of negative cladding
pressure differentials yields:

de/dt= (| Po|/Po) A’ exp(-Q/RT,)| 50" (1+8)™"

(8-55)
(1+ ((dP/dt)/P, )At)" (1+ (dT/dt)(Q/RT2)At)

The true strain is related to the engineering hoop strain by e =1n(1+¢). Therefore, de=de/(1+¢). If we
define:

C1=(P,|/P)A  exp(-Q/RT,)|c, "
C>=(dT/dt)(Q/RT,)
C;=(dP/dt)/ P,

Equation 8-55 may be rewritten as:
de/(1+€)* =, ((1+ C,At(1+ C3AL)M)dt
or

(1+&) @ D de = C,(1+ C3At)"dt + C,C,At(1+ C;At)" dt (8-56)
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Integration may be performed using standard integral tables (for example, Beyer, 1978) which yields:
(—12n)((1+€) " =1)=C,/C3((C3 — C)(1+ C3A) ! —1)/(n +1) (8-57)
+Ca((1+ C3AD) 2 =1)/(n +2))
The engineering hoop strain in the timestep At is therefore:
¢ =[(1-2n(Right Hand Side of Equation 8 —57)]"2"—1 (8-58)

The creep model used in WCOBRA/TRAC-TF2 calculates the incremental engineering hoop strain over a
timestep At using Equation 8-58. The cladding creep deformation is then calculated as:

(Arcr)clad = S(t); (8-59)
where:
(t) = engineering hoop strain at end of timestep
r = cladding mean radius

The maximum timestep for the integration of the Norton creep equation is limited so that
|C, | At<0.01, and the approximation to exp(-Q/RT(t)) remains valid. Details of the model application

for the three available cladding options are summarized below.

[

Westinghouse Zircaloy-4 Cladding

Donaldson, Healey, and Horwood (1985) report Westinghouse manufactured Zircaloy-4 creep data
obtained under constant pressure, constant temperature test conditions. Test specimens were heated to the
specified temperature and the temperature was held constant for 10 minutes prior to pressurization. The
creep test results indicate the existence of two types of creep behavior (Figure 8-14). Creep in the alpha
and beta phases, and part of the mixed phase region, exhibits high stress sensitivity typical of a
dislocation climb mechanism. In the low stress/low temperature portion of the mixed phase region the
stress sensitivity is significantly reduced. In this region, the creep mechanism is superplastic creep.

Donaldson, Healey, and Horwood (1985) report additional creep test data for |

]a,c
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The creep rates shown in Figure 8-14 are programmed in WCOBRA/TRAC-TF2 in the form:
de/dt=Ac" (8-60)

where the coefficients A and n are functions of temperature and the creep mechanism (Table 8-3). To
determine the coefficients A’,Q and n for integration of Equation 8-50, the following procedure is used:

1. [ ]a,c

a,c
J | 561

where:|
]a,c
2 [ ]a C
3. Calculate n from:
B o a,c
(8-62)
4. [
]a,c
5. Calculate Q from:
[ o] a,c
(8-63)
6. Calculate A from:
a,c
(8-64)
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Westinghouse ZIRLO® Cladding

Donaldson and Barnes (1989) and Donaldson, Barnes, and Hall (1989) report Westinghouse
manufactured ZIRLO" cladding creep data obtained under similar test procedures as were used for the
Zircaloy-4 tests, with the following notable exception. |

]a,c

The ZIRLO® cladding creep rates shown in Figure 8-15 are programmed in the form of Equation 8-60,
with the coefficients A and n defined in Table 8-4. The procedure used to obtain the coefficients for the
integration of the Norton creep equation is identical to that used for the Westinghouse Zircaloy-4 cladding
option.

The ZIRLO® cladding creep model used in WCOBRA/TRAC-TF2 has previously been incorporated into
the 1981 Evaluation Model with BASH and the NOTRUMP Evaluation Model (Davidson and Nuhfer,
1990). That reference describes a correction to the creep rate integration which is used in the alpha phase
and the portion of the mixed phase region which exhibits dislocation creep, to more accurately predict the
measured strain versus time. That correction is also used in WCOBRA/TRAC-TF2. Following integration
of the Norton creep equation in the alpha phase and the mixed phase/dislocation creep regions, the strain
accumulated during the timestep is reduced by an empirical expression which is a function of the strain
accumulated in these regions, i.e.,

€

€e :m (8-65)

where:

€, = effective strain increment

€ = strain increment calculated by Equation 8-58

X = summation of ¢, in the strain hardening regimes

m = [ 1™ for the alpha phase, [  |™* for the mixed phase/dislocation creep

region

Sandvik (NRU) Zircaloy-4 Cladding

Donaldson, Horwood, and Healey (1982) report creep data for Sandvik Zircaloy-4 cladding specimens in
the alpha phase. Testing was confined to the high alpha phase temperature range, based on the expected
range of interest for the NRU Materials Test program.

The alpha phase Sandvik Zircaloy-4 cladding creep rates shown in Figure 8-16 are programmed in the
form of Equation 8-60, with the coefficients A and n defined in Table 8-5. |

]a,c
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[ 1™ The procedure used to obtain the coefficients for the integration of
the Norton creep equation is identical to that used for the Westinghouse Zircaloy-4 cladding option.

Cladding Rupture

Loss of coolant accidents result in depressurization of the reactor coolant system and heatup of the
nuclear fuel rods, due to insufficient cooling. The resulting stresses on the cladding may be sufficiently
high to cause rupture of the cladding. Correlations which predict the occurrence of cladding rupture and
the resulting cladding strains have been incorporated into WCOBRA/TRAC-TF2 for Zircaloy-4 cladding
and for ZIRLO® cladding. These correlations are described below.

Zircaloy-4 Cladding

Powers and Meyer (1980) have reviewed zircaloy cladding rupture data from a wide range of
experimental facilities and have recommended the cladding rupture correlation developed by
Chapman (1979). The correlation is given by:

6
Ty =3960 — 2040 8.51x10°c (8-66)
1+H 100 (1+H)+2790 o
where:

T = rupture temperature (°C)

Op = engineering hoop stress (kpsi)

H = min (1.0, HUR/28°C/sec)

HUR = heatup rate

This correlation has been incorporated into WCOBRA/TRAC-TF2, and is used to predict the occurrence
of cladding rupture for nuclear fuel rods clad with Zircaloy-4.

The cladding heatup rate in WCOBRA/TRAC-TF?2 is treated in the same way as in the LOCTA-IV code
(Bordelon et al., 1974). The approach can be explained by using Figure 8-17 which illustrates a number of
potential scenarios. The instantaneous heatup rate is used until the cladding temperature is within [

1€ of the cladding burst temperature. When this condition is reached (Point A) the cladding temperature
and time are recorded to be used as a reference for the calculations. As long as the cladding temperature is

[
] ac

(8-67)

where: |

] a,c
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]a,c

] a,c

ZIRLO® Cladding

Westinghouse has conducted single rod burst tests of ZIRLO® cladding over a wide range of cladding
pressure differentials (100 to 2000 psi), and heatup rates (5 to 50°F/sec) (Davidson and Nuhfer, 1990).
The test results have been correlated in the form of rupture temperature as a function of engineering hoop
stress, consistent with the Chapman approach. However, the ZIRLO" cladding rupture temperature
correlation is not dependent on the heatup rate, as the data show no systematic heatup rate dependence.

The ZIRLO" cladding rupture correlation was defined using the mean of the 10°F/sec heatup rate data.
Figure 8-19 shows a comparison of the measured burst temperatures and those predicted by the
correlation. The correlation predicts the data well over the entire range of heatup rates included in the test
matrix.

A correlation for the ZIRLO® cladding strain following rupture has been developed using the single rod
burst test data reported in Davidson and Nuhfer (1990). The resulting correlation is shown with the
database in Figure 8-20. The WCOBRA/TRAC-TF2 correlation reflects the alpha phase and beta phase
peaks, and [ 1™
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] a,c
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8.6 | > MODEL

]a,c

The FSLOCA methodology will model the hot assembly rods as |

]a,c

1. Hot Assembly (HA) Rod Component — A type of active nuclear fuel rod that describes all fuel
rods in the hot assembly but the hot pin. |
1™ A hot assembly rod is a fully functional fuel rod coupled with the
thermal-hydraulic solution and core kinetics. The HA rod will consider all local uncertainty
models at their nominal (as coded) value. The HA rod will deform consistently with the fuel rod
deformation model discussed in Section 8.4, including creep deformation and rupture
deformation. |

]a,c

2. Hot Rod (HR) Component — A type of active nuclear fuel rod that describes the single fuel pin in
the hot assembly, which represents a high power fuel pin. A hot rod is a partially functional fuel
rod coupled with the thermal hydraulic solution and core kinetics. All the functions of the HA rod
are applied to hot rod except the creep deformation and the rupture deformation are disabled for
hot rod. The hot rod considers all applicable local uncertainty models at their nominal value.

3. [

WCAP-16996-NP-A NP-68 November 2016
Revision 1



A-329 Westinghouse Non-Proprietary Class 3 LTR-NRC-14-17 NP-Attachment

]a,c

A summary of functions of rods in the hot assembly is given in Table 8-6. The local uncertainties in
Table 8-6 will be explained in Section 29.

The details of [ 1> model are listed below.
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]a,c
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a,c
(8-86)

]a,c
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] a,c

a,c
(8-86a)

a,c

]a,c
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]a,c
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Table 8-6 [

]a,c
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Updates to Section 11.4 of WCAP-16996-NP

“Realistic LOCA Evaluation Methodology Applied to the

Full Spectrum of Break Sizes

(FULL SPECTRUM LOCA Methodology)”
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11.4 THERMAL PROPERTIES OF NUCLEAR FUEL ROD MATERIALS

A typical nuclear fuel rod is composed of uranium-dioxide fuel pellets and a zirconium based clad
material. The gap between the fuel pellets and the clad is filled with the initial backfill gas and fission gas.
As part of the WCOBRA/TRAC-TF2 default nuclear fuel rod model, the material properties of
uranium-dioxide, Zircaloy-4, ZIRLO® alloy, and of gas mixtures are included. This section describes the
calculation of the thermal properties for these fuel rod materials.

[
e
11.4.1 Uranium Dioxide
Model Basis
The material properties of uranium dioxide are based on MATPRO-9 (MacDonald et al., 1976) and on
MATPRO-11, Rev. 1 (Hagrman, Reymann, and Mason, 1980) calculations, with exception to the thermal

conductivity model, which is the Nuclear Fuels Industries (NFI) model as modified in FRAPCON 3.3
(Lanning et al., 2005).

Density

The (cold) density for uranium-dioxide is assumed to be:

onz = 68486fD (11-145)

where f}, is the fraction of theoretical density and is input by the user. The density Puo, has units of
Ibm/ft’.

Thermal Conductivity

The UO, thermal conductivity model accounts for the effects of burnup on thermal conductivity. The
Nuclear Fuels Industries (NFI) model (Ohira and Itagaki, 1997) was selected as the starting point for a
replacement of the Lucuta model (Lucuta et al., 1996) for FRAPCON 3.3 (Lanning et al., 2005). The
Lucuta formula for uranium oxide pellet thermal conductivity was found to have two inaccuracies. First,
it predicts values at high temperature (>2200 K) that are too large relative to credible modern data for un-
irradiated fuel pellet material (Ronchi et al., 1999). Secondly, it has too little burnup degradation
compared to both in-cell laser-flash diffusivity measurements on high-burnup pellet samples and in-
reactor fuel temperatures measured at nominal to high burnup. For especially this second reason, the NFI
model as modified in FRAPCON 3.3 is considered most appropriate. Section 2.3 in (Lanning et al.,
2005) shows that the modified NFI model compares well against zero burnup (unirradiated) and irradiated
test results.
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The NFI model, similar to most other thermal conductivity models utilized in fuel performance codes,
consists of a lead term that is inversely proportional to a temperature function A + BT (phonon term), with
burnup dependence factors in its denominator, plus terms that model the electronic contribution to fuel
heat transfer at high temperature. The modified NFI model implemented in WCOBRA/TRAC-TF2 is
defined as follows:

Kos = AT B T+1(Bu)+(1-0.9- eip(—0.04 “Bu))- g(Bu)-h(T) +% exp(F/T) - (11-146)
where:
Kos = Thermal Conductivity, W/m-K, for as fabricated fuel density of 95% of
theoretical density (TD)

T = Temperature, K
Bu = Burnup, GWD/MTU
f(Bu) = effect of fission products in crystal matrix (solution)

= 0.00187-Bu (11-147)
g(Bu) = effect of irradiation defects,

= 0.038-Bu”* (11-148)
h(T) = Temperature dependence of annealing on irradiation defects

1

T 14396 exp(—Q/T) (1199
Q = Temperature dependence parameter = 6380 K
A = 0.0452 m-K/'W
B = 2.46E-4m/W
E = 3.5E9 W-K/m
F = 16361 K

The model is adjusted for ‘as fabricated’ fuel densities different from 95% TD using the Lucuta
recommendation for spherical-shaped pores (Lucuta et al., 1996), as follows:

K, =1.0789-Kys - {d/[1.0+ 0.5-(1-d)]} (11-150)
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where:

Ky = Thermal Conductivity, W/m-K, for as-fabricated fuel density “d”
d density in fraction of TD

The range of applicability of the modified NFI correlation is provided by volume 4 of the
NUREG/CR-6534 (Lanning et al., 2005) as follows:

Temperature = 300-3000K
Rod-Average Burnup = 0-62 GWD/MTU
As-fabricated Density = 92-97% TD

Specific Heat

The specific heat in Btu/lbm-°F for uranium dioxide is given by:

- K,0%exp(6/ Ty ) Fom K3E
=(2.388x107* 1 K) 4K, Ty +-M 237D oxn(—E /RT 11-151
CPuo, ( x ){Té[exp(O/TK)—l]z 2lk T, RTZ exp(-Ep /RTg )y ( )

where Ty is the temperature in degrees K and

0 = Einstein temperature (535.285 K)
R = 8.3143 (J/mol-K)
K, = 296.7 (J/kg-K)
K, = 243x107 (J/kg-K?)
K; = 8.745x10'(J/kg)
Ep = 1.577x10° (J/mol)
Fom = oxygen/metal ratio (2.0)
Model as Coded

The equations representing the density, thermal conductivity and specific heat for uranium dioxide are
coded into WCOBRA/TRAC-TF2 as described by Equations 11-145 through 11-151 without
modification.

Calculations for uranium dioxide density are performed in subroutine SETUP, those for thermal
conductivity in subroutines SSTEMP and TEMP, and those for specific heat in subroutines TEMP and
MOVE. Values of conductivity and specific heat versus temperature are shown in Figures 11-29, 11-30
and 11-31.

Scaling Considerations

Not applicable.
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Conclusions

The WCOBRA/TRAC-TF?2 correlations for UO, density and specific heat are based on MATPRO-9 and
MATPRO-11. The correlation for UO, thermal conductivity is the modified NFI model used in
FRAPCON 3.3. The models and correlations for these properties were used in simulations of LOFT.
Therefore, the uncertainty and reliability of these models is accounted for in the overall code bias and
uncertainty.

11.4.2 Zircaloy-4

Model Basis

The material properties of Zircaloy-4 are based on MATPRO-9 and MATPRO-11 calculations.
Density
The (cold) density of Zircaloy-4 clad material is assumed to be p,,. =409.0lbm/ ft> .

Thermal Conductivity

The thermal conductivity in Btu/hr-ft-°F for Zircaloy-4 clad is given by:
k. =0.5779-[7.51+0.0209Ty — (1.45 x107 )Té + (7.67 x107° )rg] (11-152)

where Ty is temperature in degrees Kelvin.

Specific Heat

WCOBRA/TRAC-TF?2 calculates the specific heat for Zircaloy-4 by linearly interpolating between values
from a built-in table. Table 11-14 lists the values used to determine the specific heat of Zircaloy-4.

Model as Coded

The equations for the density, thermal conductivity and specific heat of Zircaloy-4 are coded into
WCOBRA/TRAC-TF?2 as described above without modification. Density is calculated in subroutine
SETUP and HEAT, conductivity in subroutines STEMP, TEMP, and HEAT and specific heat in
subroutines TEMP, HEAT, and MOVE. Curves of conductivity and specific heat versus temperature are
shown in Figures 11-32 and 11-33.

Scaling Considerations

Not applicable.
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Conclusions

The WCOBRA/TRAC-TF2 correlations for the density, thermal conductivity, and specific heat of
Zircaloy-4 are based on MATPRO-9 and MATPRO-11. These property relations were used in simulations
of LOFT.

11.4.3 ZIRLO® Alloy
Model Basis

The ZIRLO® alloy developed by Westinghouse represents a modification to Zircaloy-4 which was
achieved by reducing the tin and iron content, eliminating the chromium, and adding a nominal one
percent niobium. Table 11-15 shows a comparison of the two alloys.

Since tin is an alpha phase stabilizer and niobium is a beta phase stabilizer, the reduction in tin and the
addition of niobium result in reductions in the temperatures at which the ZIRLO® alloy undergoes the
alpha to beta phase change, relative to Zircaloy-4. Measurements performed by Westinghouse show that
the ZIRLO® alloy starts the transformation at 1023 K and ends at 1213 K.

Since the ZIRLO® and Zircaloy-4 alloys are both about 98 percent zirconium, it should not be expected
that the material properties are significantly different, except to the extent that they are affected by the
differences in the phase change temperatures. Density, thermal expansion, thermal conductivity, and
specific heat of both alloys have been measured by the Properties Research Laboratory using samples cut
from Westinghouse production tubing (Taylor, Groot, and Larimore, 1989). Evaluation of the test results
indicated that the materials are sufficiently similar that the Zircaloy-4 material properties can be used for
the ZIRLO® alloy, with the exception of the specific heat (Davidson and Nuhfer, 1990). The specific heat
of the ZIRLO® alloy is based on an adjustment to Table 11-14, which considers the difference in phase
change temperatures.

Density

The (cold) density of the ZIRLO® cladding material is taken to be identical to that of Zircaloy-4
(409.0 Ibmy/ft).

Thermal Conductivity

The thermal conductivity of the ZIRLO® cladding material is taken to be identical to that of Zircaloy-4,
given by Equation 11-152.

Specific Heat

The specific heat shown in Table 11-14 for Zircaloy-4 includes both the true specific heat and the alpha to
beta phase heat of transformation. The specific heat for the ZIRLO® cladding material was obtained by

adjusting Table 11-14 to account for the difference in phase change temperatures, assuming both the true
specific heat and the heat of transformation are the same for the two alloys. The true specific heat is taken

WCAP-16996-NP-A NP-82 November 2016
Revision 1



A-343 Westinghouse Non-Proprietary Class 3 LTR-NRC-14-17 NP-Attachment
to be equal to the total specific heat in Table 11-14 for T <1090 K, 0.085 Btu/Ibm-°F for T > 1213 K,

and:
|: :| ’ (11-153)

]a,c
a,c
[ ] (11-154)

a,c

where:

(11-155)

WCOBRA/TRAC-TF2 calculates the specific heat for the ZIRLO® cladding material using the resulting
total specific heat values, shown in Table 11-16.

Model as Coded
The density, thermal conductivity, and specific heat of the ZIRLO® cladding material are coded into

WCOBRA/TRAC-TF2 as described above, without modification. Figure 11-34 shows a comparison of
specific heat for ZIRLO® cladding material with that of Zircaloy-4.

Scaling Considerations

Not applicable.

Conclusions

Comparisons of the material properties for the ZIRLO® and Zircaloy-4 cladding materials have shown
that the Zircaloy-4 relations for density and thermal conductivity can also be applied to the ZIRLO® alloy.
The difference in the phase change temperatures of the two alloys requires that different specific heat
correlations be used. The specific heat correlation for the ZIRLO® alloy is based on an adjustment to the

Zircaloy-4 correlation, which accounts for the different phase change temperature range. This correlation
will be used for analyses of nuclear reactors which utilize the ZIRLO® cladding material.

[

]a,c
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11.4.4 Fuel Rod Gas Mixtures
Model Basis

For the gas mixture in the fuel-clad gap, only the thermal conductivity is calculated. The fill gas in the
WCOBRA/TRAC-TF2 fuel rod model assumes that the gas is a mixture composed of helium, xenon,
argon, krypton, hydrogen, and nitrogen. The thermal conductivity of the gas mixture as a function of
temperature is determined, as described in MATPRO-11 Rev. 1 (Hagrman, Reymann, and Mason, 1980),
from the relation:

N k.
kgas :ZN—ln (11-156)
i=1 ]
1+ Zle 7
j=I1 n;
J#1

where N = number of component gases, and where:

1

(M; =M, [M; —0.142M )
(M, +M,f
and
1/2 17472
ki M;
1+ —+
[ JJ [MJJ
D, = - (11-158)
23/2(1+1]
M;
where:

molecular weight of gas species i
mole fraction of gas species i

~ B
([

thermal conductivity of gas species i

The thermal conductivities of the six component gases are evaluated in Btu/hr-ft-°F as a function of
temperature from the following relations:

Gas k(Btu/hr-ft-°F)

Helium (1.314>< 107 JT g0 (11-159)

Argon (1.31x10*3 ! (11-160)
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Krypton (1.588x10*5 ! (11-161)
Xenon (1.395x10‘5 ol (11-162)
Hydrogen (5.834x10*4 st (11-163)
Nitrogen (7.35x10*5 o (11-164)
where:
Tyas = gas temperature (°R)
Model as Coded

Equations 11-156 through 11-164 for gap gas thermal conductivity are coded in WCOBRA/TRAC-TF?2 as
described without modification in subroutine GTHCON.

Scaling Consideration
Not applicable.
Conclusions

Thermal conductivity for the gas mixture in the fuel-clad gap is calculated using the equations in
MATPRO-11 Rev. 1 (Hagrman, Reymann, and Mason, 1980).
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Figure 11-29 Modified NFI and Lucuta Model Predictions Compared to Measured Conductivity
on Unirradiated Pellet Material (Ronchi et al., 1999), from Figure 2.4 of (Lanning et
al., 2005)
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Updates to Sections 25.1, 25.2 and 25.8 of WCAP-16996-NP

“Realistic LOCA Evaluation Methodology Applied to the Full

Spectrum of Break Sizes

(FULL SPECTRUM LOCA Methodology)”
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25  PLANT SOURCES OF UNCERTAINTY

We have, to this point, assessed the ability of WCOBRA/TRAC-TF2 to simulate the key phenomena
identified in the PIRT. In addition, it has been demonstrated that compensating errors or bias, due to the
increase in scale from the experiments to the pressurized water reactor (PWR), result in a more
conservative estimate of the LOCA analysis results relative to several key phenomena. However, there
may be differences in PWR response to the LOCA, which may result in some models being more
important for the PWR than for the experiment. In addition, variability in plant initial and boundary
conditions introduce additional uncertainty. In this section, these additional aspects are discussed. The
objective of this section is to develop a plan for performing various sensitivity or scoping studies with the
PWR models described in Section 26, in order to identify those parameters which have an important
influence on the calculation of the peak cladding temperature (PCT) in the PWR, and to make decisions
about which variables should be considered for uncertainty propagation.

For some parameters, the uncertainty will be explicitly treated within the uncertainty analysis. For other
parameters, a bounding approach may be employed (such as for the containment back-pressure).

25.1 PLANT PHYSICAL CONFIGURATION

The plant physical configuration consists of those parameters which define the geometrical and hydraulic
configuration of the reactor at the time the LOCA occurs. These parameters are listed and defined below:

1. Dimensions

2. Flow resistances

3. Pressurizer location, relative to broken loop

4, Accumulator Tank Elevation

5. Hot assembly location, relative to vessel upper internals
6. Hot assembly type

7. Steam generator tube plugging level

Dimensions

Reactor dimensions, volumes, and surface areas are obtained directly from component drawings. Some
variability exists in these dimensions due to tolerances and approximations which may have been made in
geometrical calculations. Dimensions also vary from nominal due to thermal expansion. Thermal
expansion is estimated to increase volumes by about [

] a,c

Fuel assembly grids, control rod guide tubes, and steam generator tubes may be affected, in some cases,
by high stresses resulting from the combination of seismic and LOCA loads, an assumption required by
10 CFR 50, Appendix A, General Design Criterion 4. A dynamic analysis of the Reactor Coolant System
(RCS) under combined seismic and LOCA loads is performed to demonstrate that key RCS components
will continue to perform their safety function. Structural analyses performed as part of the original plant
design basis have confirmed that Emergency Core Cooling System (ECCS) safety function and core
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shutdown capability are maintained. These analyses have also indicated that for some plants, the pressure
differentials and structural movements which are predicted may result in minor deformation of fuel
assembly grids, control rod guide tubes, and/or steam generator tubes. In the case of the fuel assembly,
some crushing of the grids in assemblies at the periphery of the core may be calculated. This may push
fuel rods closer together, reducing the available flow area. Steam generator tubes may be slightly
deformed at support plate locations, reducing the flow area through the tube bundle and increasing the
flow resistance during reflood. For larger breaks, control rod guide tubes may be displaced from their
nominal positions, preventing control rod insertion and causing the core to shutdown on voids early in the
LOCA, and to remain shut down due to boron alone. These deformations, while not compromising safety
functions, were found to affect the LOCA analysis results.

The combined effects of LOCA and seismic loads may potentially lead to some degree of grid crushing in
the core, due to the baffle plates impacting the peripheral assemblies. If the impact on the peripheral
assemblies is large enough, these assemblies may subsequently impact in-board assemblies, and so on. If
the loads are large enough for grid damage to occur, test data and analyses show that the damage is
typically limited to no more than two rows or rods per assembly, with elevations towards the mid-plane of
the core.

] a,c

] a,c
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] a,c

Modeling Approach

] a,c

Flow Resistance

The flow resistance in the vessel and loops during a LOCA is as much a function of the models used to
calculate the friction factor, as it is the plant configuration. However, flow resistance is included in this
category because some changes in plant configuration affect this parameter. The steady-state hydraulic
resistance of virtually all the major components in a PWR was determined from scaled testing. The
accuracy of the loss coefficients obtained from these tests has, over the years, been confirmed by the
accurate prediction of steady-state flow and temperature conditions of operating reactors during numerous
plant startup cycles. The accuracy of these predictions, using loss coefficients for subcomponents which
are typically subject to large uncertainties may also be a result of the fact that the pressure distribution in
a reactor circuit consists of many components. |

"¢ The uncertainty in
the pressure drop under LOCA transient conditions is discussed in Section 29.1.2.
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When the LOCA occurs, reverse flow through some components and two-phase flow may significantly
increase the uncertainty of the predicted flow resistance. One area in particular where reverse flow
introduces additional resistance not present during normal operation is the broken cold leg inlet nozzle.
Another area where additional resistance is introduced is the broken loop pump.

During several large scale ECCS tests conducted in the past years, it was observed that there was a
significant pressure drop across the inlet nozzle of the broken cold leg. In the Cylindrical Core Test
Facility (CCTF) reflood tests, this pressure drop was observed to result in a significant pressurization of
the downcomer during reflood, resulting in increased reflood rates (Akimoto et al., 1984). Part of this loss
was attributed to the increased dynamic head resulting from the reverse flow from a large reservoir, the
reactor vessel, to the cold leg nozzle. Other contributors were losses associated with two-phase flow. A
review of recent Upper Plenum Test Facility (UPTF) data has confirmed this finding as described in
Section 29.1.2.

During a cold leg break, the flow rate through the broken loop pump increases substantially, to the point
where the pump acts as a resistance. The effect of this additional flow resistance must also be taken into
account, and is a source of additional uncertainty. The flow in the intact loop typically continues in the
same direction at lower flow rates, therefore the predicted pressure drop is less subject to uncertainty.

Modeling Approach

] a,c

Pressurizer Location
The pressurizer may be on the broken loop or one of the unbroken loops. Its location arises as a source of
uncertainty because it may introduce some asymmetry into the reactor configuration at the time of the

LOCA.

Modeling Approach

] a,c

Accumulator Tank Elevation

The accumulator tanks may sit below, at, or above the cold leg elevation. The elevation of the
accumulator relative to the cold leg will impact the maximum flow during accumulator injection, the
duration of accumulator injection, and the amount of liquid which remains in the accumulator after
accumulator injection into the cold leg terminates.
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Modeling Approach

]a,c
Hot Assembly Location

Approximately 40 percent of the fuel assemblies in the core of a PWR lie beneath control rod guide tubes
which extend into the upper head. These guide tubes, arranged in an approximate checkerboard pattern,
house reactor control rods used for reactor control and shutdown, and extend into the reactor vessel upper
head. The remaining fuel assemblies lie below open holes in the core plate, flow mixers attached to the
core plate, or support columns of several possible designs (Section 26). As a result, for larger breaks
(during the blowdown phase) the fuel assemblies will receive varying amounts of flow from the upper
head and upper plenum depending on their position. |

] a,c

Modeling Approach

The configuration of the guide tubes is such that specific modeling of these flowpaths is considered
necessary, particularly in view of the connection to the upper head, which contains a large volume of
water. Consequently, the core and upper plenum geometry in the WCOBRA/TRAC-TF2 model is
designed to specifically include separate channels for guide tubes and core plate open hole locations. As
described in Section 26, each reactor internal layout is examined, and the hot assembly is located where
reduced direct flow is expected to occur.

Hot Assembly Type

The basic design of a PWR fuel assembly has remained essentially unchanged through the years; the
standard Westinghouse fuel assembly, for example, consists of an array of fuel rods in a 14x14, 15x15,
16x16 or 17x17 square matrix. Approximately 90 percent of the matrix is occupied by fuel rods; the
remainder is occupied by thimble tubes. Five or more spacer grids hold the array together; some or all of
the grids contain mixing vanes which serve to enhance flow turbulence, improving heat transfer during
normal operation.

Variations in this standard design may occur to achieve improved fuel utilization. Typical changes made
to a fuel assembly design are the following:

1. Changes in Fuel Rod Diameter — The fuel rod may be “optimized” by reducing its diameter, thus
reducing the overall amount of fuel required. These changes are marginal in nature. For example,
the standard Westinghouse 14x14 fuel rod diameter is 0.422 inches. For the optimized designs the
diameter is 0.400 inches. Since smaller rods are designed to the same linear powers as standard
rods, their surface heat fluxes and adiabatic heating rates are slightly higher. On the other hand,
the amount of coolant in the core is also higher, because of the larger flow area.
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2. Changes in Grid Design — The grid may be made of stainless steel, Inconel, or zirconium alloys.
Typically, if the fuel rod diameter has been changed, the grids are modified slightly such that the
overall hydraulic loss is the same as the standard design.

An additional design improvement is to incorporate additional mixing vane grids along portions
of the rod, which further improve heat transfer characteristics, and offset reductions in departure
from nucleate boiling (DNB) margin brought about by a smaller rod.

3. Changes in Fuel Enrichment — Axial and radial “blankets” are sometimes provided to reduce
neutron leakage from the core. These blankets consist of regions of low reactivity fuel, or annular
fuel. These blankets affect the axial and radial power distribution in the core, and are explicitly
considered when these distributions are calculated.

4. Burnable Absorbers — Burnable absorbers are often used to reduce soluble boron requirements
and improve power distributions. Burnable poisons may be discrete (i.e., loaded in thimbles) or
integral (i.e., coatings or dopings of the fuel). Burnable absorbers affect axial and radial power
distributions in the core, and are explicitly accounted for in core design calculations. Integral
absorbers may also cause the internal pressure of the fuel rod, which generally increases with
burnup, to increase at a different rate. Rod internal pressure causes swelling and possible burst
during the LOCA.

5. Changes in Cladding Material — New alloys more resistant to corrosion are being developed.
Their plastic strain characteristics may be different, and may therefore affect the LOCA results.

6. Other Changes — Minor modifications in upper and lower fuel assembly tie plates, mixing vane
grid design, and removal of thimble plugging devices, are other changes which may occur from

reload to reload, but which are not expected to change the LOCA results significantly.

Modeling Approach

] a.c

Steam Generator Tube Plugging Level

Steam generator tubes may require plugging for various reasons. Typically, tube plugging takes place
during a normal outage. Plugs are inserted into each end of the degraded tube. This removes the tube
completely from the RCS volume, and reduces the total flow area through the steam generator. The
increased resistance and reduced volume may affect the blowdown transient and reflood behavior for
larger breaks or the loop seal clearing in small breaks, and is a variation which must be considered in the
LOCA analysis.
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Modeling Approach

] a,c

25.2 PLANT INITIAL OPERATING CONDITIONS
Reactor operating conditions and their variations are described by two groups of parameters:

1. Core power parameters. These parameters define the core power distribution and fuel stored
energy at the time of the LOCA.

Total core power

Peak linear heat rate (PLHR)

Hot assembly peak linear heat rate

Hot rod average power

Hot assembly average power

Axial power distribution

Low power region relative power
Time-in-Cycle

Reactor operating power history
Moderator temperature coefficient (MTC)
Hot full power (HFP) boron concentration

S e a0 o

o alrtili e

2. Reactor primary fluid conditions. These parameters describe the primary fluid thermodynamic
state at the time of the LOCA.

Core average fluid temperature
Pressurizer pressure

Loop flow rate

Upper head fluid temperature
Pressurizer level

Accumulator water temperature
Accumulator pressure
Accumulator water volume
Accumulator line resistance
Accumulator boron concentration

R mo a0 o

T

The basis for the choice of these parameters is discussed in the following sections.
25.2.1 Core Power Parameters

A summary of the core modeling is given below. There are four core channels and |

] a,c
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¢ simulation the following fuel rods are modeled:

Rod 1: The rod with the highest linear heat rate [ 1™
assumed to also have the highest average power and to reside in the assembly with the highest
average power.

Rod 2: All the other (average) rods in the highest power assembly |
]a,c

Rod 3: All the average rods in the assemblies residing under non-guide tube structures
(e.g. support columns, free standing mixers, orifice plates, and open holes).

Rod 4: All the average rods in the assemblies residing under guide tubes.

Rod 5: All the average rods in the assemblies residing on the periphery of the core.

[
] a,c

There are three distinct regions (the hot assembly, the two average channels, and the low power channel)
which serve to resolve the radial power distribution in the core.

Each fuel rod group has parameters describing the peak linear heat rate, the average linear heat rate, the
axial distribution of power, and the number of physical rods modeled by the rod group. |

] a,c

The axial and radial core power distributions are of basic importance to the uncertainty analysis. The
parameters which affect these distributions, and their variations, are described in the following section.

25.2.1.1 Core Power Distributions
The nuclear design of the reactor core meets constraints on the local power distribution in the fuel. Power
distributions are typically characterized in terms of hot channel factors. These factors relate peak pellet
power and hot rod power to core average quantities. These factors and other terms which will be used are

defined below:

Core average heat flux (AFLUX) is the average thermal power produced per unit length of active
fuel, kW/ft.

Peak linear heat rate (PLHR) is the maximum linear heat rate produced in the reactor, kW/ft.

Hot assembly peak heat rate (HAPHR) is the peak linear heat rate of an average rod in the hot
assembly, kW/ft.
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Hot assembly average power (HAFLUX) is the average power per unit length in the hot
assembly, kW/ft.

Hot rod average power (HRFLUX) is the average power per unit length in the hot rod, kW/ft.

Total peaking factor (Fy) is the ratio of the peak linear heat rate to the core average linear heat
rate (PLHR/AFLUX).

Enthalpy rise peaking factor (Fap) is the ratio of hot rod average power to core average linear heat
rate (HRFLUX/AFLUX).

PWR power distributions are often separated into their respective radial and axial components. The radial
component is sensitive to the fuel and absorber loading pattern and the presence of control rods. Radial
distributions change slowly with time and fuel depletion and are relatively insensitive to power level,
xenon concentration/distribution, axial burnup distribution, and axial fuel design feature. By contrast,
PWR axial distributions are relatively insensitive to the loading pattern but are quite sensitive to control
bank position, xenon concentration/distribution, coolant density distribution, and reactor power.

The existence of this radial/axial power distribution separability has historically been utilized by the
nuclear designer. As noted above, PWR radial power distributions are slowly varying in time, provided
that the presence of control rods is accounted for accurately. Axial power distributions are dependent on
cycle time as well as plant operating parameters such as current power level, recent changes in power
level/distribution, prior operating history, control bank position (or operating strategy), and the time
during a transient power maneuver (or the xenon distribution). These characteristics allow the analysis of
transient three-dimensional power distributions to be performed by superposition of transient axial power
distributions on steady-state, appropriately rodded, radial power distributions rather than the rigorous
direct solution for the three-dimensional power distribution. While the methods and calculations used to
design reload cores are extremely reliable, and have been confirmed by measurements taken in many
operating reactors, it is a normal practice to design cores with some margin, such that measured power
distributions will always fall below the core power limits, even when measurement uncertainties are
added. These core power limits are determined from the body of safety analyses which support the FSAR
and Technical Specifications, and ensure that regulatory limits will not be exceeded for any postulated
transient.

Assembly power distributions in a typical Westinghouse designed PWR reload core are shown in
Figures 25.2-1 and 25.2-2. The radial power distribution can typically be divided into three core regions:
a low power peripheral region, high power assemblies distributed throughout the core (feed or non-feed),
and average power regions also distributed throughout the core. These figures show the predicted power
of assemblies in a reload core. This is a typical low leakage core loading pattern, in which low power
assemblies are situated around the periphery of the core, while high power assemblies are in the interior
of the core.

] a,c
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Within the fuel assembly, individual fuel rods vary in power due to the presence of burnable absorbers
and water holes near the thimble tubes. Figure 25.2-3 is a histogram showing the distribution of rod
powers within the high power assembly of several different Westinghouse fuel designs. The powers are
expressed as a fraction of the maximum power allowed by the Technical Specifications. The maximum
calculated rod power is therefore more than [ 1" lower than the maximum allowed value, to
accommodate measurement uncertainties during surveillance and up to additional [ 1™ for
“good measure” or operational allowance. It can be seen that most of the fuel rods are at powers near the
middle of the distribution, and that the hot assembly power distribution can be modeled with a single
average rod and a single hot rod. The cumulative distribution is shown in Figure 25.2-4, and the average
hot assembly power calculated from these distributions summarized in Table 25.2-1, and is seen to lie
approximately [ 1€ below the maximum calculated (hot rod) value.

The steady-state axial power distribution also varies as a function of time. Figure 25.2-5 shows the core
average axial power distribution near the beginning of cycle, near the middle of cycle and near the end of
cycle for a typical reload core. During the cycle, the steady-state axial peak moves away from the center
of the core as the core is depleted. The depletion of the center of the core also affects any transient axial
power distributions.

While a PWR is designed to easily follow load demand, the most likely state of the reactor is full power
and equilibrium conditions. Under these conditions, the axial peaking is relatively low. Measurements
taken of the maximum peaking factor at hot full power (HFP), nominal conditions are usually well below
the Technical Specification limits. The margin to peaking factor limits is intended to allow for the less
frequent occurrence of transient reactor operation, usually consisting of power reductions and increases to
follow load. |

] a,c

In summary, it is seen that the design of a core (its geometry, fuel enrichment, and loading pattern)
establishes the maximum radial peaking in the core. The radial distribution is determined almost entirely
by the core loading, and cannot be easily changed by external controls in normal operation. Hence, to
assure that the measured hot rod power will always lie below the limit, core designs are set allowing for
additional margin beyond the four percent required by Technical Specifications.

25.2.1.2 Transient Power Distributions

Short term changes in reactor power distributions are typically attributable to changes in reactor power
level. Changes in power level may require control rod motion, and result in changes in coolant density
profiles and xenon distribution. Changes in xenon distribution are a strong function of the magnitude and
duration of the power change maneuver as well as the operating strategy used during the maneuver.

Westinghouse and Combustion Engineering (CE) core design methodologies used to generate axial power
distributions have been previously reviewed by the USNRC. Distinct methods are employed in design
based on the axial flux difference (AFD) Technical Specifications employed. (AFD is a measure of the
axial power distribution, and is the axial flux difference between the top and bottom halves of the core.)

Westinghouse plants use the Constant Axial Offset Control (CAOC) or Relaxed Axial Offset Control
(RAOC) core design method. The CAOC methodology (Morita et al., 1974) requires the core designer to
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simulate various types of load follow maneuvers throughout the cycle to establish the limiting axial power
distributions. The approach taken is conservative in that daily load follow swings to various power levels
are assumed throughout the cycle. This method is used with plants whose AFD Technical Specification is
defined as an allowable band (typically £5 percent) about a target AFD.

Another approach is used for plants with a fixed AFD Technical Specification. The RAOC methodology
(Miller et al., 1983) considers the core parameters (power level, xenon distribution, and control rod
position) that can affect power distributions and establishes the maximum variability possible in these
parameters throughout a given cycle. These parameters are then treated as independent variables and all
possible combinations are checked. Any axial shapes that are found to be within the AFD operating space
defined by the Technical Specifications are taken to be possible.

CE plants do not control via AFD. Instead their monitoring and protective systems use the concept of
axial shape index (ASI) (Combustion Engineering, 1986; Combustion Engineering, 1998; Combustion
Engineering, 1975). ASI is similar to AFD, in that ASI is also a measure of the axial power distribution,
and is the negative of percent axial offset divided by 100.

Typical transient distributions generated by the CAOC methodology are shown in Figures 25.2-6 through
25.2-8 for different times throughout the cycle. |

] a,c

An additional characteristic of these transient power shapes is that fission products do not have sufficient
time to build up in the high power region of the fuel rod. Consequently, if the reactor was shut down for
any reason at the time the maximum transient linear shapes occurred, the decay heat generated is
substantially lower at the peak power location than if the core had been operating indefinitely at these
PLHR’s. This phenomenon is not credited in the FULL SPECTRUM LOCA methodology.

The reactor heat source is made up of three major constituents. Fission energy is by far the largest
component of the heat, comprising from roughly 93 to 100 percent of the total heat source for full power
operation. The stored energy contribution to the LOCA transient is, therefore, directly related to the
fission rate distribution at the time of the LOCA. The magnitudes of the decay and actinide heat sources
make them a small contribution to the stored energy component. The decay and actinide components are,
however, the principal contributors to core heat generation later in the LOCA transient since the fission
rate during this portion of the transient is negligible. The decay and actinide heat sources are independent
of the instantaneous fission rate at any given point in time but dependent upon the fission rate time
history. Their concentrations determine the decay power available since the decay power for radionuclide
decay is determined by the product of the energy release per decay, the decay constant, and the
concentration. The concentration of a non-absorbing fission product is dependent upon the fission rate
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time history, the fission product yield per fission, and the decay constant. Since the yield and time
constant for a given fission product are constant for a specified isotope, the time dependent fission
product concentration depends only upon the fission rate time history.

Decay heat is the result of a multitude of radionuclide decays (approximately 350 isotopes). These decay
processes have been simplified in the ANSI/ANS 5.1-1979 decay heat standard to a summation of

23 exponentials for each fissile isotope. In the absence of significant absorption or isotope decay chain
cross-coupling, the ANSI/ANS 5.1-1979 decay heat standard is a 23 group “pseudo-nuclide”
representation of the fission product decay process. The magnitude of the decay heat source at any given
point in the reactor, therefore, depends on the time history of the fission rate. The decay heat source for a
given point in the reactor will be in effective equilibrium (production rate = decay rate) only if the fission
rate has been maintained for the period of time corresponding to ten to twenty time constants for that
nuclide. Figure 25.2-10 illustrates a point evaluation of decay equilibrium fraction versus sinusoidal
fission rate period. |

] a,c

25.2.1.3 Power Distribution Uncertainties

After a core has been designed and loaded, it is monitored to confirm that the core operates as designed,
and to ensure that the reactor is operating within specified limits. The detailed reactor power distribution
is monitored by means of in-core detectors. (There are several other core monitoring systems as well.)
The readings from these detectors (which are fission chambers and convert the local neutron flux to a
current signal) are transformed to fission rate distributions using analytical factors, based on the specific
core design (Spier et al., 1988).

The core power distribution is measured during steady-state operation at regular intervals. The following
quantities are typically obtained as the result of measurement and data processing:

Fany The enthalpy rise hot channel factor is the ratio of the integral of local power along the

rod (pin) with the highest integrated power in the core to the average rod power.

F,y (z)  The elevation dependent radial peaking factor is the maximum local power density in

the plane at elevation z divided by the average power density of the plane.

Fy(z)  The elevation dependent heat flux hot channel factor is the maximum local linear

power density at elevation z divided by core average linear power density.

Because the above peaking factors are derived from a combination of instrument measurements and
analytical model calculation, the uncertainty associated with these factors is a combination of the
two factors.

The peaking factors defined above are typically measured on a monthly basis. In addition to the peaking
factors defined above, the core axial flux difference is measured on a continual basis by the ex-core
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nuclear detectors. This measurement is equivalent to the axial flux difference discussed previously, and
provisions are incorporated in the plant computer to provide alarms if limits are exceeded.

The calculational uncertainty on radial power distribution (Fy) has been shown (Spier et al., 1988) to be
bounded by a factor of | 1™ through benchmarks to critical experiments and other data.
There is also an additional uncertainty associated with measuring the radial power distribution, which is
bounded by a factor of four percent. It is desirable to assure that the plant will not routinely experience
flux map measurements which exceed the (Fy) limit after a four percent uncertainty is applied due to
combined effects of calculational and measurement uncertainties. To accomplish this, Westinghouse
standard practice is to design the core such that it is predicted to be at least | 1€ below the
(Fap) limit on a best-estimate basis. With this approach, the most probable condition is for the core to be
measured at least | 1 below the Technical Specification limit after measurement
uncertainty is applied. Typical measurements shown in Figure 25.2-11 show this is indeed the case.

The margin inherent in the design as it relates to the total peaking factor F(z) is also reflected in typical
measurements. Design calculations are performed to conservatively calculate the possible effects of
adverse xenon distributions on the maximum total peaking factor. These penalty factors are generated
assuming xenon transients are initiated in the core and shift the axial distribution to the full range allowed
by the AFD Technical Specifications. The most probable condition for the core is at an equilibrium xenon
condition which will produce Fq values well below the limits. The total peaking factor measurement for a
typical core during a cycle is shown in Figure 25.2-12. The maximum measured values include an
uncertainty of 8.15 percent when compared to the Technical Specification.

Nuclear design calculations are performed assuming nominal pellet diameter, density, etc. These
calculations form the basis of the analytic factors used to convert in-core measurements to rod power.
Manufacturing uncertainties such as pellet diameter and the effects of rod bow introduce an additional
uncertainty to point measurements. These uncertainties are accounted for in the FSLOCA methodology.

Rod bow and manufacturing uncertainties are both applied to the hot rod peaking factor measurement as
described in the following paragraphs. These factors are not applied to measurements of the hot assembly
and hot rod power. Local linear heat rate depends on the local mass of UO, per unit length, or more
specifically, per pellet and also on the local channel geometry. The local mass varies as a result of
manufacturing variations in pellet dimensions and fuel enrichment. |

] a,c

A similar statement can be made for rod bow. |
]a,c
A detailed study of the in-core flux mapping system and its accuracy was performed by Westinghouse

(Spier et al., 1988). Because the “measured” values of Fay and F, are actually inferred values obtained
from the raw measurement using core model group constants, error contributions from both measurement
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and modeling sources were considered. Two uncertainties are defined: a measurement uncertainty, to be
applied to the inferred peaking factor during normal core surveillance such that the true values are
bounded at a high confidence level, and a calculational uncertainty, to be applied to the calculated
peaking factors during the core design such that the true values are bounded at a high confidence level.
The two uncertainties contain several common components, and so are similar in magnitude. In the
best-estimate LOCA methodology, we are concerned with the calculational uncertainty of the predicted
peaking factors.

The calculational uncertainty is composed of several independent subcomponents which are summarized
in Table 25.2-2. Some of these components are related to uncertainties which should be applied only to
the hot rod. In subsequent application of these uncertainties (Section 29.4), these components will be
applied separately when considering the calculational uncertainties associated with groups of fuel rods
such as the hot assembly. [

] a,c

A final uncertainty related to the power distribution is that associated with the total core power. Core
power is inferred from an energy balance using feedwater flow and temperature, and steam flow and
pressure. The maximum error from this measurement is typically £2 percent, | 1™
Some plants have employed improved uncertainty measurement systems which reduce this uncertainty
below 2 percent.

25.2.1.4 Power Distribution Modeling Approach

Summarizing the preceding sections, the core power distribution is seen to exhibit the following
characteristics:

1. The radial power distribution is primarily controlled by core geometry, fuel enrichment, burnable
absorber loading, and core loading patterns. It is relatively insensitive to operational procedures
such as load follow.

2. The axial power distribution is sensitive to operational procedures (such as load follow), which
produce non-equilibrium xenon distributions in the core, and core burnup. Large axial power
distribution variations have a small effect on the radial power distribution. Axial power
distributions which produce the limiting F occur during transient operation. |

] a,c

3. The power distribution in the core is well described by the following parameters: the average
linear heat rate, the hot assembly linear heat rate, the low power assembly linear heat rate, and the
peak linear heat rate.

? Clarification on the determination of the rod bow uncertainty component was provided as part of RAID-6.4 in
(Bajorek, et al., 1998) for prior Westinghouse best-estimate LOCA evaluation models.
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4. The average power of the rods in the assembly which contains the hot rod is typically [
1€ or more lower than the hot rod.

5. The axial peak power may occur at any location within approximately two feet from the ends of
the core, during both transient and steady-state conditions.

As described in Section 26, the PWR core is modeled with sufficient detail to resolve both the radial and
axial power distributions present in the core. The radial power distribution is resolved using [

] a,c

There are several parameters which play a role in the calculation of rod power in WCOBRA/TRAC-TF2.
Each parameter, in turn, contributes some uncertainty. Based on the general discussion of power
distributions, the parameters as used in WCOBRA/TRAC-TF2 are described in more detail below. A final
summary of uncertainty contributors is presented later in this section, after the discussion of the fuel rod
model.

As described previously, there are four core channels and |
1€ are defined as:

Rod 1: The rod with the highest linear heat rate [ 1™
assumed to also have the highest average power and to reside in the assembly with the highest
average power.

Rod 2: All the other (average) rods in the highest power assembly |
]a,c

Rod 3: All the average rods in the assemblies residing under non-guide tube structures
(e.g. support columns, free standing mixers, orifice plates, and open holes).

Rod 4: All the average rods in the assemblies residing under guide tubes.

Rod 5: All the average rods in the assemblies residing on the periphery of the core.

] ac

Each fuel rod has input parameters describing the average linear heat rate, and the axial distribution of
power relative to the core average linear heat rate. The important parameters used in
WCOBRA/TRAC-TF?2 for these fuel rods are described below. The “0” designates initial, or steady-state
values of parameters which will change during the LOCA transient.

The reactor power parameters described below are directly related to several quantities which are also
measured in the plant during normal operation. These are the total peaking factor (Fg), the hot channel
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factor (Fap), and the AFD. Other quantities of lesser importance are the moderator temperature coefficient
(MTC) and the coolant boron concentration. The Technical Specifications call for specific uncertainties
and margins to be applied to the measured values of some of these quantities before they are compared to
the Technical Specification limit. In the discussion below, these quantities will normally be described in
terms of calculated or expected values, without local uncertainties, and will be designated with subscript
BE (Best-Estimate).

Initial Core Average Linear Heat Rate

The parameter defining core power in WCOBRA/TRAC-TF2 is the core average linear heat rate,
calculated by:

AFLUX(0) = P(0)/(NFR*L) (25-1)
where:
L = nominal active fuel length
P(0) = initial core power

NFR

total number of fuel rods

There is a tendency for the fuel pellet stack (L) to shrink during the cycle, which would increase AFLUX
based on Equation 25-1. However, |

1™ The only uncertainty affecting AFLUX is the core power

measurement uncertainty, which results from calorimetric errors in measuring feedwater flow and
temperature. As noted in Section 25.2.1.3, the range of this error is estimated as |

] a,c

The axial power distributions of the core average rods (Rods 3, 4, and 5) are |

1€ These distributions will be illustrated later in the section, when the
power distribution modeling is described.

Peak Linear Heat Rate (PLHR)

The peak linear heat rate (PLHR) for the hot rod (Rod 1) |

1" defined by:
a,c
(25-2)

] a.c

WCAP-16996-NP-A NP-103 November 2016
Revision 1



A-364 Westinghouse Non-Proprietary Class 3 LTR-NRC-14-17 NP-Attachment

] a,c

For the hot rod, the PLHR can also be expressed as,

[ ]a’c (25-3)

] a,c

The variation due to transient operation is the result of assumed load follow operations and other
operational transients, which introduce relatively short lived skewed power shapes with relatively high
peaking factors compared to equilibrium conditions, when the plant returns to full power. Limiting
transient power distributions are generated during the core design analysis to confirm that maximum
values remain below limits established in the Technical Specifications. The calculated maximum peaking
factor is obtained from the core design analysis using approved core design methods.
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]a,c
Hot Assembly Rod Peak Linear Heat Rate

The hot assembly rod peak linear heat rate is defined as:

[ ]a’c (25-4)

Therefore HAPHR(0) can be written as:

[ ]a’C (25-5)

Typically, the relationship in power of the hottest rod in an assembly to the assembly average will depend
upon details in the design of that assembly, such as the location of the hot rod in the assembly. In this
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analysis, it is conservatively assumed that the |
1™ and the peak power is offset by a constant factor equal to the difference in
average power. Further discussion of the validity of this assumption is provided in the next subsection.

There are two items to consider when developing the relationship between the hot rod, which is a single
rod, and the hot assembly rod, which represents the average of all the rods in the hot assembly minus the
hot rod. The first item is the actual difference between the hot rod and the hot assembly rod powers. The
second is the difference in the uncertainty associated with various quantities for the hot rod and the hot
assembly rod.

Examination of rod census data indicates that the minimum difference between the hot rod and the hot
assembly average rod is [ ™. Absent all uncertainties, this is a conservative estimate of the
relationship which will exist between the hot rod and the hot assembly average rod during normal
operation for the entire fuel cycle. As a general approach, the hot assembly average rod power will be
calculated using the [ 1*¢ difference. However, if additional information is available in the
form of a core design limit, an alternative and less conservative approach may be taken to bound the hot
assembly average power. In Equations 25-4 and 25-5 and the discussion that follows, it is assumed that
the general approach (where the difference is | 1) is taken.

A second consideration is the uncertainty associated with the hot rod and with the hot assembly average
rod. For a single rod at a single axial location, the following uncertainties exist:

1. Uncertainty in the actual linear heat rate, relative to what is predicted.

2. Uncertainty in the actual fuel pellet geometry. The pellet at a particular location may be slightly
larger or be slightly more enriched than the value intended during manufacture.

3. Uncertainty in the hot rod subchannel geometry. The subchannel may be slightly distorted due to
rod bow.

The overall uncertainty for the hot assembly average rod peaking factor should be less than that for the
hot rod, since we are concerned with the average value over a number of rods, |
1*¢. This is indicated in Table 25.2-2.

For a single axial location on a single rod, all of these uncertainties must be considered. Since the local
axial linear heat rate as specified by F, is defined at a single location, all of these uncertainties must be
considered for the hot rod, hence the full column of numbers in Table 25.2-2 for the hot rod Fq,. For
integral quantities such as the rod total power as specified by F,y, local uncertainties such as pellet
dimensions should not contribute significantly to the integral uncertainty. |

] a,c
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] a,c

The result of the application of these different uncertainties is that the uncertainty associated with the
power on the hot rod is typically larger than the uncertainty associated with the power in the hot assembly
average rod. These uncertainties are discussed in Sections 29.4.1.2 and 29.4.2.1.

Hot Rod Average Linear Heat Rate

Since the hot rod has a very small effect on the hot assembly fluid conditions (it is only one rod among
about 150), its total power is not as important as the power in the hot assembly rod. However, total power
will affect hot rod gap pressure and cladding burst times.

[ 1™

a,c
(25-9)

where:

a,c

Therefore:

[ ]a’c (25-10)

Fanpe is defined as the maximum expected average linear heat rate of the highest power rod |

¢ relative to the core average linear heat rate. Typically, the calculated
Fange for a core design is augmented by four percent to account for calculational and measurement
uncertainties and up to an additional [ "¢ for “good measure” or operational allowance. The
reason for the application of additional margin in F,y is that, unlike total peaking factor, there are few
alternatives short of reducing power if the measured value exceeds the Technical Specification.

Hot Assembly Average Linear Heat Rate

The hot assembly rod (Rod 2) average linear heat rate during steady-state is defined as:

a,c
(25-11)
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] a,c

[ ]aac (25-12)

The actual thermal power produced in the hot assembly rod relative to its nuclear power may be slightly
different from the hot rod, due to different levels of redistribution. |

] a,c

| As discussed in Section 25.2.1.1, a review of a large number of core designs indicates that the minimum
difference between the hot rod and the hot assembly average rod is | 1€ lower (Figure
25.2-4). This is a conservative estimate of the relationship which will exist between the hot rod and the
hot assembly average rod during normal operation, during the entire fuel cycle. The relative nuclear
power generated in the hot assembly average rod is therefore assumed to be | 1™ lower than
the best-estimate value of the hot rod relative nuclear power, Faypg. As previously discussed, however, if
additional information is available in the form of a core design limit, an alternative and less conservative
approach may be taken to bound the hot assembly average power.

Axial Power Distribution

Axial power distributions vary widely due to burnup and transient operation. The distributions have been
considered in prior evaluation models using [
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] a,c

Low Power Region (PLOW)

The power in the rod (Rod 5) representing the low power peripheral region of assemblies is determined
from the core design and usually varies from [

™€ If this region has a low average power,
the interior channels (Rods 3 and 4) have a higher power. A relative power [ 1€ of the
core average is typical of current and future low leakage loading patterns. An average value expected for
future cycles is assumed as discussed in Section 29.3.1.
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Time-in-Cycle

The time-in-cycle impacts a number of different parameters significant to the LOCA transient behavior.
The fuel peaking factors, initial stored energy, rod internal pressure, corrosion, axial power distribution
and decay heat are several examples of burnup dependent parameters. The impact of the time-in-cycle is
considered in the uncertainty analysis as discussed in Section 29.4.1.1, Volume 3 of this topical.

Prior Operating History

As discussed previously, the power distributions which generate high peaking factors are relatively short

lived. A detailed accounting of the buildup of fission products would show that after shutdown, the axial
power distribution would revert back to the original, steady-state distribution. This effect will be [

] a,c

Transient Power Maneuver

] ac

25.2.1.5 Moderator Temperature Coefficient (MTC)
The moderator temperature coefficient (MTC) affects reactor shutdown during the first few seconds of

blowdown. The larger (more positive) this value, the less responsive the reactor is to the increased fluid
temperature which occurs in the first second or two of the LOCA. |

]a,c
25.2.1.6 Hot Full Power (HFP) Boron Concentration
The initial primary fluid boron concentration coupled with the moderator temperature coefficient

discussed previously dictate the core power response during the blowdown phase of a LOCA transient.
The initial HFP boron concentration is modeled |

] a.c
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25.2.1.7 Summary of Core Power Parameters

The consideration of the various core power distribution parameters described above is summarized as
follows. |

1™ (More details on this uncertainty
treatment are provided in Section 29.4.) In Figure 25.2-14, a possible axial power distribution as input
into the WCOBRA/TRAC-TF2 PWR model is shown. The hot rod peak power is offset by [
"¢ from the hot assembly average rod power (assuming the general approach), and is offset from the
average rod power by the total axial peaking (Fu). The low power rod is offset from the average rod
power, in turn, by the factor PLOW.

25.2.2 Plant Fluid Conditions

The plant fluid conditions listed at the beginning of this section are those which are sufficient to define an
overall thermodynamic state of the fluid. Since WCOBRA/TRAC-TF2 calculates a steady-state condition
prior to the LOCA, the thermodynamic state cannot be over-specified. Thus, four basic quantities are
defined for the primary fluid; its average temperature, pressure, volume, and flow rate. Then, the states of
significant fluid regions which are isolated from the RCS during steady-state, but which subsequently
become part of the RCS during the LOCA, such as the upper head and the accumulator, are defined. The
section below is a brief description of how fluid conditions typically are controlled in a PWR.

25.2.2.1 Overview of Plant Fluid Conditions

A nuclear power plant is equipped with a variety of control systems. For example, the reactor control
system in conjunction with the electric load demand program controls the neutron generation rate within
the core such that core heat generation rates are proportional to the demanded electric power output.
Other control systems are available for control of plant response to rapid disturbances arising from
abnormal conditions and for the control of processes which maintain the plant in an economically
desirable operating condition.

The static and dynamic behavior of the power production process can only be determined by reliable and
accurate measurements of process variables. The application of these measurements by the control and
protection systems is then accomplished in a manner which assures proper corrective action and provides
protection for the plant and public against extreme accidents. This is normally accomplished by the
feedback process where process variables are controlled to a predetermined value, commonly referred to
as a setpoint. When measurements deviate from the setpoint, the deviation is noted as an error by the
controller(s) and action is taken to restore the process to its correct state point or condition.

Setpoints generally represent either a desired, or “target,” value for a process control variable, or a limit or
bounding value, that a process control variable may have. In the case of a “target” or control setpoint,
variation from the desired value will result in some corrective action to return the plant to the control
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setpoint. For example, the pressurizer water level control setpoint is approximately 35 percent of the
full-scale reading of the measurement span, with either heaters or spray being actuated with a +5 percent
variation of full span from the 35 percent span. Violation of limiting or bounding setpoints results in a
more radical plant response.

From the preceding example of the pressurizer, it is readily seen that relatively small variations from
control setpoints will result in plant control systems initiating corrective action. These small spans are
called control bands. Thus, for a plant maintained at equilibrium conditions, the process control
parameters may be taken to vary from their respective setpoints by no more than the bounds of their
respective control bands. In particular, for process parameters which are subject to automatic control, such
as the pressurizer level, the likelihood of the process parameter being significantly different from the
target value is extremely small. For those process parameters subject to less frequent surveillance, the
potential variation may be larger.

Trip setpoints define the limits within which the plant may operate. Again referring to the example of the
pressurizer, the plant will continue to operate temporarily with a pressurizer water level between 17 and
92 percent of full-scale of the measured span, with the plant control systems acting to achieve a level of
between 30 to 40 percent of full-scale reading. Owing to operator and/or automatic actions however,
prolonged operation outside the control bands is extremely unlikely. The trip setpoints are established to
allow the plant flexibility in responding to changes in operating conditions while providing for the health
and safety of the public.

Plant operation parameter variations that are significant for LOCA analyses are listed in Table 25.2-4 for a
typical PWR. All but primary side loop flow may be considered process control parameters for a nuclear
power plant; direct controlling of primary coolant flow rate is not provided for. For a typical plant, the
variability of these parameters about their nominal or setpoint values is seen to be small, with a control
band of about | 1€ on primary loop pressure and fluid temperature, | 1*€ on
core power, and about | ]*€ on water volumes.

25.2.2.2 Fluid Conditions Modeling Approach

In addition to the process parameters identified in Table 25.2-4, additional RCS fluid conditions have
been found to be important in past LOCA analyses. The reactor vessel upper head is supplied by a small
bypass flow from the upper downcomer. While the incoming fluid is at the temperature of the cold leg
(Tco1a), the upper head fluid may be at a different average temperature because of the low bypass flow rate
which results in some flow from the upper plenum, which is at a higher temperature (T}). The initial
temperature of the fluid in the upper head (Tyy) has been found to strongly affect the blowdown PCT in
other evaluation models (for Large Break LOCA). Typically, plants can be separated into two categories:
those with sufficient bypass flow to maintain (Tyy) near (T¢4), and those with low bypass flow, in which
(Tun) remains close toTh,.

The bypass flow mentioned above is one component of several bypass flows, which reduce the core flow
rate relative to the loop flow rate by about four to eight percent. This bypass flow has an indirect effect on
the LOCA transient by affecting the fluid temperature rise through the core, but is not expected to affect
the LOCA transient directly by virtue of the different steady-state fluid conditions.
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Not all the process parameters described in Section 25.2.2.1 are independent. Typically, if core power,
primary flow, and secondary temperature and pressure are specified, the primary fluid temperature and
pressure will seek appropriate levels consistent with these boundary conditions. In the modeling of these
parameters, the secondary side conditions are adjusted as required to obtain primary side conditions
consistent with the Technical Specifications and planned operation. Since the secondary-side model is
rather detailed, the secondary-side conditions required to achieve the appropriate primary-side conditions
are generally consistent with expected operational values.

Although the accumulator is isolated from the RCS by a check valve during normal operation, it is
considered part of the RCS in this methodology. The performance of the accumulator during the LOCA
depends on several factors including the water and cover gas initial pressure, temperature, and volume.
These are all subject to some variation. Typically, pressure and volume are controlled to within plus or
minus 10 percent or less. Since the accumulators reside within containment, the long term temperature of
the containment atmosphere will affect the accumulator water temperature. The variation in containment
temperature is likely to be seasonal to some degree, and is limited in most plants to a maximum value to
avoid problems with equipment degradation. In general, therefore, the accumulator temperature range is
plant specific. The accumulator line is subject to the same uncertainties as identified earlier for flow
resistance; however, plant startup tests reduce this uncertainty to some extent as discussed in

Section 29.3.2, Volume 3.

While accumulator boron concentration is not likely to have a significant effect on the LOCA PCT, it is
modeled to ensure that recriticality does not occur in the short-term following a LOCA.

The parameters chosen to represent the reactor initial fluid conditions are:

Average fluid temperature (T,,,), degrees F
Pressurizer pressure (Prcs), psia

Loop flow rate (Wieop), gpm per loop

Upper head fluid temperature (Tyy), degrees F
Pressurizer level (L,), percent of full span
Accumulator temperature (Tacc), degrees F
Accumulator pressure, (Pacc) psia
Accumulator water volume, (Vacc) cubic feet
Accumulator line fI/D (Kacc)

0. Accumulator boron concentration, (Cacc) ppm

=0 0NN kWD =

The effects that the above parameters have on the LOCA transient are considered as part of the
uncertainty analysis. The treatment of the fluid condition uncertainties is discussed in Section 29.3.2,
Volume 3.
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Table 25.2-1 Hot Assembly Rod Power Census Summary for Westinghouse Fuel
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Table 25.2-2 Peaking Factor Uncertainties

a,c

Notes:
1. Spieretal. (1988)
2' [ ]a.c

3. Uncertainties are given in terms of one standard deviation divided by average value (coefficient of variation), percent.
The total uncertainty is the square root sum of squares of the components.

Table 25.2-3 Rod Bow F Uncertainties

Notes:
1. Uncertainties are given in terms of one standard deviation divided by average value (coefficient of variation).

2. Argalletal. (1979)
3. [ ]a.c

WCAP-16996-NP-A NP-116 November 2016
Revision 1

a,c



A-377 Westinghouse Non-Proprietary Class 3 LTR-NRC-14-17 NP-Attachment

Table 25.2-4 Typical Westinghouse Plant Operation Parameters

a,c
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Figure 25.2-3 Typical Hot Assembly Fuel Rod Power Distribution
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Figure 25.2-4 Hot Assembly Rod Power Census for Typical Westinghouse Fuel Designs
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Figure 25.2-5  Relative Axial Power Distribution near Beginning of Cycle, Middle of Cycle and
End of Cycle During Full Power Steady-State Conditions
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Figure 25.2-6 Typical Transient Axial Power Distributions near Beginning of Cycle
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Figure 25.2-7 Typical Transient Axial Power Distributions near Middle of Cycle
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Figure 25.2-8 Typical Transient Axial Power Distributions near End of Cycle
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_| Figure 25.2-10  Effect of Load Follow Maneuver Period on Decay Heat Equilibrium Fraction for
Various Times After Trip
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Figure 25.2-14 Typical WCOBRA/TRAC-TF2 Axial Power Distribution
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264 STEADY STATE CALCULATION/CALIBRATION

Steady-state acceptance criteria are necessary because the above-mentioned fluid and core conditions are
likely to differ somewhat from plant-to-plant and the degree to which these parameters are matched in the
WCOBRA/TRAC-TF2 simulation must be consistent. Table 26.4-1 shows the acceptance criteria used in
WCOBRA/TRAC-TF?2 for acceptable simulation of plant conditions. A checklist for a number of
significant parameters is given below, which utilizes this table to verify whether these variables have
reached their acceptable steady-state values.

[

] a,c
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Table 26.4-1 Criteria for an Acceptable Steady-State

a.c

Notes:
D.V. = Desired Value
C.V. = Calculated Value
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29 ASSESSMENT OF UNCERTAINTY ELEMENTS

The list of dominant phenomena was identified by the PIRT discussed in Section 2. The PIRT included all
processes covering the scenarios that span the full spectrum of break sizes. A summary of the important
phenomena was provided in Section 2.3.3. The code models associated with such phenomena were then
assessed against an independent dataset comprised of separate effect tests (SETs) and integral effect tests
(IETs). This was the subject of Sections 12 through 23. Section 24 provides a synthesis of the assessment
as well as an analysis of potential compensating errors.

The code assessment exercise leads to the determination and quantification of model biases and
uncertainties (EMDAP Step 20). Consistent with the CSAU roadmap, the uncertainty has to be ultimately
propagated or convoluted statistically during the plant analysis. The statistical procedure used to
propagate the uncertainties is the subject of Section 30. The approach is based on a Monte Carlo
convolution of the uncertainty contributors. The procedure is designed to generate a sample of the LOCA
‘population’ and then develop probabilistic statements that show compliance with the 10 CFR 50.46
criteria.

In general, the uncertainty parameters fall into three categories:

1. Nominal without Uncertainty — The nominal (expected or midpoint) value of the parameter is
used without consideration of uncertainty when the variation in the parameter is tightly
controlled, such as pressurizer level, or when the sensitivity of the transient to the value of the
parameter is negligible, such as the initial reactor coolant system (RCS) boron concentration. An
example of a model treated as nominal without uncertainty is the offtake model (Section
29.1.1.1).

2. Bounded — A conservative value of the parameter is used when the parameter varies gradually as
a function of operating history, when the sensitivity of the transient to variations in the parameter
is small, or when the effort to develop and justify a detailed uncertainty treatment is judged to
exceed the benefits of doing so. Bounded plant parameters are discussed in Section 29.3.1. An
example of a phenomenon treated in a bounding manner is steam binding.

3. Nominal with Uncertainty — The Westinghouse methodology includes three categories of
uncertainty contributors to the overall uncertainty assessment. These are the thermal-hydraulic
model uncertainties, the power-related parameter uncertainties, and the initial and boundary
condition uncertainties.

Tables 29-1 through Table 29-5 provide the list of the uncertainty contributors or parameters that are
explicitly considered in the FSLOCA methodology. The uncertainty contributors [

] ac
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[ 1™ For most models, ranging capabilities on
key parameters has been included in the code such that the solution can be randomly biased during the
Monte Carlo convolution of the uncertainties. The objective of Section 29.1 is to develop and justify the
probability density function (PDFs) associated with such key parameters.

While a PDF was developed and justified for most of the models, in some instances a bounding approach
was judged to be adequate for the purpose of the uncertainty analysis. This was the case when a complete
characterization of the individual model biases and uncertainty could not be pursued, because of the
complexity of the process, and/or because limitations in experimental data caused the effort of developing
a detailed uncertainty treatment for each individual component to exceed the benefit of doing so. In those
circumstances the objective of the exercise was to demonstrate that the biases associated with that specific
complex phenomenon, albeit not quantified, are conservative with respect to engineering figures of merit
in the context of a realistic but still conservative LOCA simulation. In those cases the validity of the
approach was also supported by compensating error analyses (Section 24). |

] a,c

The analysis of the uncertainty on the break flow is [

1™ The discussion of the break model methodology
deserves a section itself and Section 29.2 is dedicated to this topic.

Core power related parameters are listed in Table 29-4. The time in cycle is the first parameter selected

since many fuel related parameters are a function of burnup. The methodology is presented in
Section 29.4.1.

Uncertainties associated with the fuel rod models are listed in Tables 29-3 and 29-4. Some of these
parameters are characterized as local uncertainties since the effect is postulated to mainly affect the local
peak cladding temperature (PCT) or maximum local oxidation (MLO) and the effect on the global T/H
response is expected to be minimal. |

]a,c

All the other uncertainty parameters are associated with the plant parameters listed in Table 29-5.
Section 29.3 is dedicated to the topic.

Section 29.5 provides a review of the PIRT and summarizes the conclusions from the perspective of
model biases and uncertainty of all phenomena ranked high (H). This corresponds to EMDAP Step 20.
Finally, Section 29.6 addresses experimental accuracy in the context of Step 9 of the EMDAP roadmap.
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Table 29-1 Uncertainty Elements — Break Location, Type and Area Sampling Methodology
Table 29-2 Uncertainty Elements — Thermal-Hydraulic Models
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Table 29-3a  Uncertainty Elements — Local Models [

] a,c

WCAP-16996-NP-A

NP-143

November 2016
Revision 1

a,c



A-404 Westinghouse Non-Proprietary Class 3 LTR-NRC-14-17 NP-Attachment

Table 29-3b  Burst Strain for | 1€
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Table 29-4 Uncertainty Elements — Power-Related Parameters Defined in Section 29.4.1

Note:
1. The uncertainty range may be less if the analysis assumes only the maximum of the range (for operational flexibility) or
if a basis for a smaller uncertainty range exists (as in the case of a Measurement Uncertainty Recapture uprate).
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Table 29-5

Initial and Boundary Conditions Considered in Uncertainty Methodology Defined in

Section 29.3.2
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29.4 CORE AND FUEL ROD MODEL UNCERTAINTIES
29.4.1 Initial Reactor State Uncertainties

29.4.1.1 Time in Cycle

[

Hot Rod Burnup

[

] a,c
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] a,c
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]a,c
| Hot Assembly Rod Burnup
[
]ZI,C
Core Balance Rods
[
]a,c
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29.4.1.2 Reactor Core Power Distributions and Global Uncertainties

Reactor core power distributions are characterized by radial and axial power distributions, as discussed in
Section 25.2.1. The steady-state radial distribution is established by core loading pattern, fuel
enrichment, fixed burnable poisons, etc., and is not subject to wide variation during normal operation
(Section 25.2.1.1). The maximum of the radial distribution is defined by Fay (hot rod average power
divided by the core average rod average power). Predictions of F,y are accurate to within [

at > 95 percent probability (Section 25.2.1.3). |

] a,c

] a,c

Steady-state axial distributions are established by core loading pattern and burnup. The axial distribution
tends to vary widely as a result of changes in reactor power, xenon transients, boron or control rods. The
maximum of the radial distribution times maximum of the axial distribution is Fo (maximum linear heat
rate divided by the core average linear heat rate). Transients are simulated in the core design process,
yielding a wide range of possible power distributions and F values. As described in Section 25, |

] a,c

Plants operate in “baseload” (i.e., full power, control rods out) nearly all the time. In baseload operation,
Fq varies slowly with time. However, the Technical Specifications allow for transient operation.

Figure 29.4.1-4 shows the effect of a typical load follow maneuver on peaking factor (Fq x power), for a
plant with a Technical Specification (Tech Spec) Fq limit of [ ™. In the Westinghouse FSLOCA
methodology, |

] a,c
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] a,c
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] a,c

Other sources of uncertainty in the power related parameters involve: 1) the accuracy with which the
power distribution in the hot assembly and remainder of the core can be defined; 2) the accuracy with
which the power at the hot spot (most limiting elevation of the hot rod) can be defined, including local
uncertainties. The latter is addressed in Section 29.4.2.

The following contributors are considered, |

] a,c

Radial power distribution

Total peaking factor and axial power distribution
Initial core power level

Decay heat

Gamma redistribution

Radial Power Distribution

The hot assembly and core radial power distribution is modeled by defining the following variables:

Hot rod average relative power, F,y. The hot rod average relative power, Fay will be ranged
according to its calculational uncertainty. This global uncertainty, as shown in Table 25.2-2, has a

standard deviation equal to | 1" of the nominal value.
. Hot assembly average power is [ 1 lower than F,p, minimum (Section 25), |
]a,c
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. Power in the assemblies in the core periphery (PLOW), as a percent of average assembly power ([
™€ are typical lower and upper bounds). Variations in this parameter will have

a small effect on the power of the core average rods surrounding the hot assembly. [
]a,c

Total Peaking Factor and Axial Power Distribution

As previously discussed, the axial power distribution is |

1. The initial power generation rate, as a function of elevation, is specified for the hot rod by the
initial axial and radial power distributions (peaking factors F, and Fay) on the hot rod. The uncertainty
associated with the total peaking factor Fq, (Tables 25.2-2 and 25.2-3) can be divided into two
components; one closely coupled to the uncertainty in the hot assembly power, and one associated only
with local uncertainties and therefore independent of the hot assembly. Since there is a fixed radial power
distribution in the assembly, a fluctuation in the hot assembly power results in a similar fluctuation in the
hot rod. This situation is illustrated in Figure 29.4.1-12. Fluctuations in the hot assembly rod are assumed
to also affect the thermal-hydraulics (i.e., they affect the heat transfer coefficient boundary condition), and
so the uncertainties are considered in the global thermal-hydraulic solution accordingly. [

] a,c

Initial Core Power, Decay Heat, Gamma Redistribution

The remaining variables, core average power, gamma redistribution, and decay heat, contribute additional
uncertainty to the peak linear heat rate. The uncertainty in core power (AFLUX,, |

1) was quantified in Section 25.2.1.3. Increases (decreases) in AFLUX result in
proportional increases (decreases) in rod powers for all rods as described in Section 25.2.1.4.

Uncertainty in decay heat is considered through the application of ANSI/ANS 5.1-1979 Standard (DH,
normal distribution). See also Section 9.7.

a,c
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] a,c
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Table 29.4.1-1 | e
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Figure 29.4.1-1
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Maximum Rod Average Power at a Given Rod Burnup at Various Times During
a Typical Cycle
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