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UNITED STATES NRC/RCPL-08-012

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

February 14, 2008

Mr. James A. Gresham, Manager
Regulatory Compliance and Plant Licensing
Westinghouse Electric Company

P.O. Box 355

Pittsburgh, PA 15230-0355

SUBJECT:  FINAL SAFETY EVALUATION FOR WESTINGHOUSE ELECTRIC COMPANY
(WESTINGHOUSE) TOPICAL REPORT (TR) WCAP-14565-P, ADDENDUM 2,
REVISION 0, “ADDENDUM 2 TO WCAP-14565-P-A, EXTENDED APPLICATION
OF ABB-NV CORRELATION AND MODIFIED ABB-NV CORRELATION WLOP
[WESTINGHOUSE LOW PRESSURE] FOR PWR [PRESSURIZED WATER
REACTOR] LOW PRESSURE APPLICATIONS” (TAC NO. MD3184)

Dear Mr. Gresham:

By letter dated Seplember 20, 2006, Weslinghouse submitied TR WCAP-14565-P,

Addendum 2, Revision 0, “Addendum 2 to WCAP-14565-P-A, Extended Application of ABB-NV
Correlation and Modified ABB-NV Correlation WLOP for PWR Low Pressure Applications,” to
the U.S. Nuclear Regulatory Commission (NRC) siaff. By letter dated January 7, 2008, an NRC
draft safety evaluation (SE) regarding our approval of TR WCAP-14565-P, Addendum 2,
Revision 0, was provided for your review and comment. By letter dated January 21, 2008,
Westinghouse commented on the draft SE. The NRC staff's disposition of Westinghouse's
comments on the draft SE are discussed in the attachment to the final SE enclosed with this
letter.

The NRC staff has found that TR WCAP-14565-P, Addendum 2, Revision 0, is acceptabie for
referencing in licensing applications for Westinghouse and Combustion Engineering pressurized
water reactors to the extent specified and under the limitations delineated in the TR and in the
enclosed final SE. The final SE defines the basis for our acceptance of the TR.

Our acceptance applies only to material provided in the subject TR. We do not intend to repeat
our review of the acceptable material described in the TR, When the TR appears as a reference
in license applications, our review will ensure that the material presented applies to the specific
plant involved. License amendment requests that deviate from this TR will be subject to a plant-
specific review Iin accordance with applicable review standards.

In accordance with the guidance provided on the NRC website, we request thal Westinghouse
publish accepted proprietary and non-proprietary versions of this TR within three months of
receipt of this letler. The accepted versions shall incorporate this letter and the enclosed final
SE after the title page. Also, they must contain historical review information, including NRC
requests for additional information and your responses. The accepted versions shall include
an “-A” (designaling accepted) foliowing the TR identification symbol.
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J. Gresham - 2 -

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

If you have any questions, please contact Jon H. Thompson at (301) 41 5-1119.

Sincerely,

Ho K. Nieh, Deputy Director
Division of Policy and Rulemaking
Office of Nuclear Reactor Regulation

Project No. 700
Enclosure: Final SE

cc wlencl:

Mr. Gordon Bischoff, Manager )
Owners Group Program Management Office
Westinghouse Electric Company

P.O. Box 355

Pittsburgh, PA 15230-0355
gordon.c.bischoff@us.westinghouse.com
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UNITED STATES

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

FINAL SAFETY EVALUATION BY THE OFFICE OF NUCLEAR REACTOR REGULATION

TOPICAL REPORT (TR) WCAP-14565, ADDENDUM 2, REVISION 0,

"ADDENDUM 2 TO WCAP-14565-P-A, EXTENDED APPLICATION OF

ABB-NV CORRELATION AND MODIFIED ABB-NV CORRELATION

WLOP [WESTINGHOUSE LOW PRESSURE] FOR PWR [PRESSURIZED WATER REACTOR]

LOW PRESSURE APPLICATIONS”

WESTINGHOUSE ELECTRIC COMPANY

PROJECT NO. 700

1.0  INTRODUCTION AND BACKGROUND

By letler dated September 20, 2006, Westinghouse Electric Company (Westinghouse)
submitted TR WCAP-14565-P, Addendum 2, Revision 0, “Addendum 2 to WCAP-14565-P-A,
Extended Application of ABB-NV Correlation and Modified ABB-NV Correlation WLOP for PWR
Low Pressure Applications” (Reference 1), to the U.S. Nuclear Regulatory Commission (NRC)
staff for review. The TR describes the extension of the ABB-NV Critical Heat Flux (CHF)
correlation (Reference 2} to the non-mixing vane (NMV) grid region of the Westinghouse
Pressurized Water Reactor (PWR) fuel designs, and also describes the modification of the
ABB-NV correlation based on low pressure rod bundle data. The modified correlation
accommodates low pressure applications and is designated as the WLOP correlation.

In a similar manner to the NRC staff-approved W-3 correlation (Reference 3), the ABB-NV
correlation will be used for predicting departure from nucleate boiling ratio {DNBR) margin in the
NMV grid region to supplement the primary departure from nucleate boiling (DNB) correlation for
Westinghouse PWR fue! designs with mixing vane (MV) grids. The WLOP correlation will be
used for predicting DNBR margin at low pressure conditions that is typically encountered in a
steam line break accident analysis, as an alternative to the NRC staff-approved W-3 or MacBeth
correlations (References 3 and 4 respectively) for Westlinghouse PWR plants and Combustion
Engineering PWR (CE-PWR) plants.

The ABB-NV correlation has previously been approved for application for CE-PWR plants with
both the TORC code (Reference 5) and the Westinghouse version of the VIPRE-01 (VIPRE)
code (Reference 6) thermal hydraulic codes. Westinghouse provided additional supplemental
rod bundle data evaluation to confirm the current ABB-NV correlation al a 85 percent probability
and a 95 percent confidence level (95/95) DNBR limit of 1.13 with VIPRE for the NMV grid
region for Westinghouse PWR fuel designs. Westinghouse also provided supplemental data to
extend the applicable range of the ABB-NV correlation.

ENCLOSURE
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Westinghouse formulated the WLOP correlation from a modified version of the ABB-NV
correlation specifically for low pressure conditions and extended the flow range to cover low flow
conditions. Modifications to the ABB-NV correlation form were made using existing CHF data
from rod bundles with NMV grids, incorporating many of the tests included in the ABB-NV
correlation. The WLOP coefficients were derived based on fluid conditions from VIPRE
calculations, The WLOP 95/95 DNBR limit is determined to be 1.18 with the VIPRE code for
both Westinghouse PWR and CE-PWR fuel designs. The WLOP 95/95 DNBR limit is also
qualified with test data from rod bundles containing MV grids simulating Westinghouse PWR
fuel designs.

2.0 REGULATORY EVALUATION

Section 50.34 of Title 10 of the Code of Federal Regulations (10 CFR), “Contents of construction
permit and operating license applications; technical Information,” contains general requirements
for the safety assessment of structures, systems, and components important to safety. As part
of the core reload design process, licensees (or vendors) perform reload safety evaluations to
ensure that their safety analyses remain bounding for the design cycle. To confirm that the
analyses remain bounding, licensees confirm that key inputs to the safety analyses such as the
departure from nucleate boiling ratio {DNBR) are conservative with respect to the current design
cycle. If key safety analysis parameters are not bounded, a re-analysis or re-evaluation of the
_-affected transients and/or accidents is performed to ensure that the applzcable acceptance
criteria are satisfied.

10 CFR Part 50, Appendix A, “General Design Criteria for Nuclear Power Plants,” Criterion 10,
“Reactor design,” requires that: The reactor core and associated coolant, control, and protection
systems shall be designed with appropriate margin to assure that specified acceptable fuel
design limits [(SAFDLs)] are not exceeded during any condition of normal operation, including
the effects of anticipated occurrences.”

Section 4.4, “Thermal and Hydraulic Design,” of the Standard Review Plan for the Review of
Safety Analysis Reports for Nuclear Power Plants: LWR Edition, NUREG-0800, Revision 2,
provides DNB acceptance criteria.

NRC Generic Letter 83-11, Supplement 1, “Licensee Qualification for Performing Safety
Analyses” provides guidance for the technology transfer process for CHF correlations.

3.0 TECHNICAL EVALUATION

3.1 ABB-NV CHF Correlation

The ABB-NV correlation is based on a linear relationship between CHF and local guality. The
correlation includes the following variables: pressure, local mass velocity, local equilibrium
quality, distance from grid to CHF location, heated length from infet to CHF location, and heated
hydraulic diameter of the subchannel. Special geometry terms are used in the correlation to
correct CHF calculations for grid, heated length, heated diameter (cold wall effect), and guide
tube effects, The ABB-NV correlation has been used with the TORC code (Reference 5) and
the VIPRE code (Reference 6) for CE-PWR licensing applications. The NRC staff-approved
DNBR limit is 1.13 with both codes (References 5 and 6) at 95/95. A more detailed description
of the ABB-NV correlation can be found in Reference 2.
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Westinghouse provided a summary description of the CHF tests supporting the extended
application of the ABB-NV correiation for the NMV grid region of the Westinghouse PWR fuel in
Section 2 of TR WCAP-14565, Addendum 2, Revision 0. Two rod bundle tests were used to
demonstrate the applicability of the ABB-NV correlation. One used a 5x5 array of electrically
heated rods with uniform axial power distribution with brazed Inconel NMV grids, which
simulated the geometry of a 17x17 fuel design. The second test was a hexagonal-lattice test
with seven rods in a triangular pitch. The test rod dimensions and pitch are similar to the
Westinghouse PWR fuel design. Validation of the application of the ABB-NV correlation to an
NMV grid test with a different geometry demonstrates that the correlation is robust and may be
applied to the NMV grid regions of different fuel configurations. Figures showing the geometry
for these qualification test sections are also shown in Section 2 of TR WCAP-14565,
Addendum 2, Revision 0, and a summary of the geometric characteristics for the supplemental
tests for the ABB-NV database is given in Table 2-1.

3.2 Modified ABB-NV Correlation for Low Mass Flow and Low Pressure Conditions

The WLOP correlation is a modified ABB-NV correlation specifically developed for low pressure
conditions. Modifications to the existing NRC staff-approved ABB-NV correlation form were
made using existing CHF data from rod bundles with NMV grids, incorporating many of the tesls
included in the ABB-NV correlation. The correlation data for NMV grids were obtained for test
sections of heated lengths ranging from 48 in. to 150 in., grid spacings of 8.0 in. to 21.5 in., rod
diameters ranging from 0.374 in. to 0.440 in., flows above 0.15 Mib/hr-ft?, and pressures above
185 psia. The WLOP coefﬁmems were denved based on fluid condmons from VIPRE
calculations.

The WLOP correlation was developed based on CHF test data obtained from the Heat Transfer
Research Facility of Columbia University. The tests were performed with simuiated 5x5 arrays
of 14x14, 16x16, and 17x17 fuel assembly geometries for NMV grids. The correlation database
includes tests with uniform and non-uniform radial power distributions, with and without guide
thimbles, heated lengths from 48 in. to 150 in. and grid spacing from 8.0 in. to 21.5in. To
provide overlap with the ABB-NV correlation, the upper pressure of the database is set at

1800 psia. The lower pressure is determined by the availablje test data. This upper pressure
limit was chosen since it was found that measured CHF varied with pressure in a more complex
manner when the pressure range is increased.

The functional form of the CHF correlation is empirical and is based solely on experimental
observations of the relationship between the measured CHF and the correlation variables. The
form of the correlation is based on a linear relationship between CHF and local quality similar to
the ABB-NV correlation documented in Reference 2. The WLOP correlation includes the same
variables as the ABB-NV correlation: pressure, local mass velocity, local quality, a grid spacing
term, heated length from inlet to CHF location, and the heated hydraulic diameter ratio of the
CHF channel. Special geometry terms are applied to the correlation to correct CHF for grid
spacing, healed length, and heated diameter effects.

3.2.1 Description of WLOP Test Sections
The data used for the development and validation of the WLLOP correlation were obtained from

18 test bundles with a uniform axial power shape. The test sections, described in Table 2-2 of
TR WCAP-14565, Addendum 2, Revision 0, simulate a 5x5 array of fuel assembly geomelries
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without MVs. Thirteen of these test sections are representative of a 14x14 fuel assembly
geometry (0.440 in. outer diameter (OD) heated rods and 0.580 in. rod pitch); four test sections
are representative of a 16x16 fuel assembly geometry (0.382 in. OD heated rods and 0.506 in.
rod pitch); and one test section is representative of a 17x17 fuel assembly geometry (0.374 in.
OD heated rods, 0.500 in. rod pitch) with brazed Inconel grids. It is noted that high pressure
data from several tests were used in the development of the ABB-NV correlation and that the
test-specific geometry has already been documented in Reference 2.

Twelve of the tests were conducted with a simulated guide thimble. Tests were run with the
simulated guide thimble placed either near the center of the test section surrounded by heated
rods or adjacent to the test shroud. Typical radial geometries for the fuel design tests, with and
without a guide thimble, are presented in several figures in Section 2.0 of TR WCAP-14565,
Addendum 2, Revision 0; the radial and axial geometries for these individual tests are provided
in Appendix E; and a summary of the test section geometry for the 18 tests is shown in

Table 2-2. The data from the “correlation formation” test sections were used to develop the
coefficients for the WLOP correlation form. The data from the “validation” test sections were
used in the evaluation of the correlation. Test sections were selected to provide data at the low
flow, low pressure conditions and to cover the range for the geometric parameters such as
heated length, grid spacing, and heated hydraulic diameter.

The test grids for all the tests are similar to the reactor fuel design. The standard grids were
manufactured with Zircaloy-4 material for the early lests. The stronger Inconel 625 material was
used in later tests to provide improved support for the heater rods. The grid material change
does not affect CHF performance of the grid design.

Special demonstration tests were run using available data for MV grid designs to demonstrate
that the WLOP correlation is applicable or conservative for application to MV grid designs. In
general, MV grids have shown substantial performance gains when compared to NMV grids.
especially at small grid spacing (Reference 2). Westinghouse has provided the results of the
application of the WLOP correlation application to MV fuel design in Table 4-4 of TR
WCAP-14565, Addendum 2, Revision 0. Westinghouse noted in this TR that many of these
tests that were used to demonstrate the applicability of the WLOP correlation to MV grid fuel, are
the same tests used to develop and support previous correlatians, such as the ABB-X2, WRB-1,
WRB-2, and WRB-2M correlations (References 7 through 10, respectively).

'n addition, Westinghouse also conducted calculations with the sub-channel computef code,
VIPRE, for each test section in the database based upon the bundle geometry and the axial and
radial power distributions.

A request for additional information (Reference 11) was sent to Westinghouse to justify the use
of WLOP down to the requested pressure range of the correlation for MV fuel designs.

Figure 4-4 of Reference 1 provides the WLOP ratio of measured to predicted (M/P) CHF versus
data for PWR tests for MV grids only down to approximately 700 psia. Figure 4-4 also shows
that there is a negative trend in the data, which may not hold true at lower pressures. In
response to this RAI from the NRC staff, Westinghouse provided additional evaluations and test
data conducted by the Electric Power Research Institute (EPRI) for PWRs with MV grids
(Reference 12) which still demonstrated a negative trend in the M/P versus data down to
approximately 800 psia, although the M/P values were significantly greater than the original data
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provided in Figure 4-4. Based upon further discussions with the NRC staff, Westinghouse
provided an additional WLOP M/P versus comparison with boiling water reactor (BWR) data for
an MV grid- (Reference 13) and NMV grid-designed fuel (Reference 14).

Enhancements in MV grid M/P values obtained from use of these data at approximately 800 psia
were similar to those obtained from the use of PWR data. The BWR data also demonstrated
that at lower pressures (as low at 360 psia) the M/P values for the MV grid designs are
significantly higher than 1.0 and that there was no significant trend in the plot of M/P versus
Pressure for the MV grid design. Based on Figure 4-1 of TR WCAP-14565-P-A, Addendum 2,
Revision 0, Westinghouse provided a piot of NMV CHF data that showed that at approximately
700-800 psia, there is a transition in the CHF data (an inflection point) and that at lower
pressures, the NMV CHF data behavior was consistent down to 185 psia (i.e., no inflection point
or discontinuity). Based on Figure 4-4, the additional PWR data, and the additional BWR
MV/NMV CHF comparison data, Westinghouse has substantiated that the CHF behavior for the
MV grid designs will remain conservative (i.e., M/P will remain greater than 1.0) in comparison to
the CHF behavior for the NMV grid design over the NMV CHF data range, Therefore,
Westinghouse has demonstrated that the WLOP correlation and the 95/95 DNBR limit are
applicable to both NMV and MV grid fuel designs for the pressure range requested in TR
WCAP-14565, Addendum 2, Revision 0.

3.3 Statistical Evaluation

This section evaluated all the statistical data that went into the development of the ABB-NV and
WLOP correlations. The following topics were considered: outliers, normality distribution,
comparison of the various data groups, the homogeneity of variance, and the 95/95 DNBR limit.
The means and standard deviations for the ratio of measured to ABB-NV-predicted CHF s were
given for the correlation database and the individual test sections and for the validation database
and the individual test sections. Similar means and standard deviations were presented for the
WLOP correlation. A statistical evaluation was performed with the ABB-NV and the WLOP
correlations for each test section and bundie array, the correlation database, the validation
database, and the combined correlation and validation database, to determine the one-sided
95/95 DNBR limit applicable to each correlation. Standard statistical tests (the W and D tests)
were used to evaluate normality at the 95 percent confidence level: the W test for groups with
less than 50 test points and the D test for all other groups.

Standard statistical tests were performed to determine if all or selected data groups belong to
the same population in order to be combined for the evaluation of the 95/95 DNBR tolerance
iimit. In addition, scatter plots were generated for each variable in the correlation to examine the
correlation for trends or regions of non-conservatism. The measured to correlation predicted
CHF ratio was plotted as a function of pressure, local mass velocity, local quality, heated
hydraulic diameter, distance from bottom to adjacent upstream grid, and heated length from
beginning of heated length (BOHL) to location of CHF. The NRC staff examined these plots and
determined that although trends were evident in some of the plots, Westinghouse provided the
NRC staff with satisfactory explanations to justify the trends. The 95/95 DNBR limit was also
shown on these plots to show the number of points that fall below the fimit and the location of
those points. The NRC staff examined all the plots and determined that the results were typical.
The NRC staff reviewed the elimination of the outliers and agreed that it was appropriate.
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3.4 Application of the ABB-NV and WIL.OP Correlations

The intended application of the ABB-NV and WLOP correlations for Westinghouse PWRs is
similar to the current application of the W-3 DNB comrelation (Reference 3) to Westinghouse
PWRs. The intended application of the WLOP correlation for CE-PWRs is similar to the current
application of the MacBeth DNB correlation (Reference 4) to CE-PWRs. Westinghouse intends
to use lhe ABB-NV and WLOP correlations for evaluating safety margins with respect to CHF
and DNB acceptance criteria, but only at core conditions where the primary DNB correlations are
not applicable.

Section 4.4, “Thermal and Hydraulic Design,” of the Standard Review Plan for the Review of
Safety Analysis Reports for Nuclear Power Plants: LWR Edition, NUREG-0800, Revision 2
(Reference 15), provides DNB acceptance criteria. One DNB acceptance criterion is met with
respect to the thermal-hydraulic design when the minimum DNBR of the hot rod in the hot
channel is above the 95/95 DNBR limit of the correlation. The ABB-NV and WLOP correlations
will be used only with a computer code that has been either used for the correlation development
or qualified with its 95/95 DNBR limit. The technology transfer process for the ABB-NV and
WLOP correlations will address the recommendations identified in NRC Generic Letter 83-11,
Suppiement 1, “Licensee Qualification for Performing Safety Analyses™ (Reference 16).

Selection of the appropriate DNB correlation, DNBR limit, engineering hot channel factors for
enthalpy rise, and other fuel-dependent parameters for a specific plant will still be justified for
each application of each correlation. These correlations, like other DNB correlations for PWR
safety analyses, were developed from steady-state test data. These correlations will be used
with appropriate codes (such as VIPRE) in calculating DNBRs for PWR power ramp and flow
coastdown transients, such as complete loss of flow, locked rotor, and control rod matfunctions.
The details of each correlation’s application are discussed next.

3.4.1  Application of the Extended ABB-NV Correlation

The range of application for the extended ABB-NV correlation is summarized in this section.
The extended ABB-NV correlation will be used with the Westinghouse version of the VIPRE
code and is in full compliance with the limitations and conditions specified in the safety
evaluation (SE) for the TR documenting the VIPRE code and modeling (Reference 6).

ABB-NV will be used as a suppiement to the primary DNB correlation for predicting DNBR
margin in the fuel region of Westinghouse fuel designs near core inlet. To ensure a continuity of
power shape correction in DNBR predictions between the NMV and the MV grid regions, the
same F. factor (F-Factor to make corrections for non-uniform axial power shapes) used with the
primary DNB correlation of the Westinghouse PWR MV grid fuel design will be used with ABB-
NV correlation. The 95/95 ABB-NV DNBR limit remains at a value of 1.13 for Westinghouse
PWR fuel design applications in the parameter range defined in Table 1.
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TABLE 1: Applicable Range of the ABB-NV Correlation

Pressure (psia) ' 1750 to 2415
Local mass velocity (Mibm/hr-ft2) L 0.8103.16
Local quality ' <0.22
Heated length, inlet to CHF location (in) ' 48" to 150
Heated hydraulic diameter ratio 0.679t0 1.08
Grid Distance (in.) : 7.3t0 24

*Although the heated length below the first MV grid is below 48 in., the minimum heated length
used in the correlation is conservatively maintained at 48 in.

3.4.2 Application of the WLOP Correlation

The range of application for the WLOP correlation is summarized in this section. The WLOP
correlation will be used with the Westinghouse version of the VIPRE code and is in full
compliance with the limitations and conditions specified in the SE for the TR documenting the
VIPRE code and modeling (Reference 6).

WLOP will be applied to ali Westinghouse/CE PWR fuel designs, inciuding the 14x14 fuel
products with rod ODs of 0.400 in., 0.422 in., or 0.440 in., the 15x15 fuel products with rod OD of
0.422 in., the 16x16 fuel products with rod ODs of 0.360in., 0.374 in., or 8.382 in., and the
17x17 fuel products with rod ODs of 0.360 in. or 0.374 in.

The WLOP correlations will be used as a supplement to the primary DNB correlation for
predicting DNBR margin under low pressure conditions. To ensure a continuity of power shape
correction in DNBR predictions between the pressure regions, the same F. factor used with the
primary DNB correlation of the PWR fuel design will be used with the WLOP DNB correlation.
The 95/95 WLOP DNBR limit is 1.18 in the parameter range defined in Table 2.
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Table 2. Applicable Range of the WLOP Correlation
Pressure (psia) 185 to 1800
Ecal Coolant Quahty <0.75
Local Mass velocity (Mib/hr-ft2) 0.23to 3.07
Healed Hydraulic Diameter Ratio 0.679 to 1.00
. Heated Length, HL (in.) 48* to 168
LGrid Spacing Term 27 to 115 '

i *Set as minimum HL value, applied at alt elevations below 48 inches _ }

4.0

1.

5.0

LIMITATIONS AND CONDITIONS

The applicable range of the ABB-NV and WLOP correlations are presented in Table 1 and
Table 2, respectively, of this SE.

The ABB-NV correlation and the WLOP correlation must use the same F factor for power
shape correction as used in the primary DNB correiation for a specific fuel design.

Selection of the appropriate DNB correlation, DNBR limit, engineering hot channel factors
for enthalpy rise, and other fuel-dependent parameters will be justified for each application
of each correlation on a plant specific basts.

The ABB-NV correlation for Westinghouse PWR applications and the WLOP correlation
must be used in conjunction with the Westinghouse version of the VIPRE-01 (VIPRE) code
since the correlations were justified and developed based on VIPRE and the associated
VIPRE modeling specifications.

CONCLUSION

The extension of the ABB-NV correlation to the NMV grid region of Westinghouse fuel, and the
modification of this correlation to low flow and tow pressure conditions, is based primarily on

~ data taken from 1971 to 1982 and supplemented by more recent data. The following
conclusions for the extension of the ABB-NV correlation to Westinghouse PWRs and the
application of the WLOP correlation to CE-PWRs apply:

1.

Analysis of supplemental NMV grid data with rod diameters of 0.36 in. and 0.374 in.
demonstrate the applicability of the ABB-NV cerrelation to the Westinghouse PWR fuel
designs in the heated length below the first MV grid.

Analysis of the supplemental data indicates the data are poolable with the original data and
the approved DNBR himil of 1.13 for the ABB-NV correlation for CE-PWR applications is
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maintained for the Wesltinghouse PWR applications within the parameter range presented
in the abstract of TR WCAP-14565-P-A, Addendum 2, Revision 0, and the clarification
given in Reference 14.

Analysis of the WLOP correlation for low pressure and low flow conditions and the source
and validation data indicates that a minimum DNBR limit of 1.18 for the WLOP correlation
will provide a 95 percent probability with 95 percent confidence of not experiencing CHF on
a limiting rod.

The WLOP correlation with the 95/95 DNBR limit of 1.18 can be applied to the low
pressure conditions within the parameter range provided in the abstract of TR
WCAP-14565-P-A, Addendum 2, Revision 0, and the clarification given in Reference 14,
similar to the application of the W-3 correlation for Westinghouse PWRs and to the
application of the MacBeth correlation for CE-PWRs.

The correlation uses an approach employed by a previously-approved correlation, and the

statistics are performed in an acceptable manner. The NRC staff has performed a review of the
analyses in TR WCAP-14565-P-A, Addendum 2, Revision 0, and concludes that it is acceptable
for licensing applications, subject to the limitations and conditions identified in Section 4.0 of this

SE.

6.0
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RESOQLUTION OF WESTINGHOUSE ELECTRIC COMPANY (WESTINGHOUSE)

COMMENTS ON DRAFT SAFETY EVALUATION FOR TOPICAL REPORT (TR}

WCAP-14565, ADDENDUM 2; REVISION g,

*ADDENDUM 2 TO WCAP-14565-P-A, EXTENDED APPLICATION OF

ABB-NV CORRELATION AND MODIFIED ABB-NV CORRELATION

WLOP [WESTINGHOUSE LOW PRESSURE] FOR PWR [PRESSURIZED WATER REACTOR]

LOW PRESSURE APPLICATIONS”

- (TAC NO. MD3184)

By letter dated January 21, 2008, Westinghouse provided 20 comments on the draft safety
evaluation (SE) for TR WCAP-14565-P-A, Addendum 2, Revision 0, “Addendum 2 to
WCAP-14565-P-A, Extended Application of ABB-NV Correlation and Modified ABB-NV
Correlation WLOP for PWR Low Pressure Applications.” Some information in the draft SE for
this TR was identified as proprietary (see Comments 14, 15, and 17); therefore, the draft of this
SE will not be made publicly available. The following are the NRC staff’'s resolution of these
comments: ’

Draft SE comments for TR WCAP-14565, Addendum 2, Revision 0

r Change stray typographical symbels to quotation marks for a more grammatically correct

statement (Page 2, lines 13-14).

NRC Resolution for Comment 1 on Draft SE:

The final SE will not contain these typographical errors. These errors are not in the
official document, but resulted from data transmlsswn

2. Delete the words “critical power” and replace them with “departure from nucleate boiling,”

because these words are more accurate for PWR applications (Page 2, line 19).

NRC Resolution for Comment 2 on Draft SE:

Comment accepted. Change made.

3. Replace “correlations” with “correlation” because this is a single correlation (Page 2,
line 38).

NRC Resolution for Comment 3 on Draft SE:

Comment accepted. Change made.

4, Add the word “fuel” after the words "Westinghouse PWR” because the correlation is

related to the fuel {Page 3, line 2).

ATTACHMENT
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NRC Resolution for Comment 4 on Draft SE:

Comment accepted. Change made.

Replace the phrase “Two tests were conducted to demonstrate” with the phrase “Two
rod bundle tests were used to demonstrate” for a more technically accurate statement
(Page 3, lines 3-4). '

NRC Resolution for Comment 5 on Draft SE:

Comment accepled. Change made.

Replace “18.25 in.” with “21.5 in.” to be consistent with Table 2-2 of TR WCAP-14565,
Addendum 2, Revision 0 (Page 3, line 30). ,

NRC Resolution for Comment 6 on Drafl SE:

Comment accepted. Change made.

Replace the phrase “three specified fuels” with the phrase “fuel design tests” as this is a
more technically accurate statement (Page 4, line 12).

NRC Resolution for Co_mment 7 on Draft SE:

Comment accepted. Change made,

Change stray typographic symbols to quotation marks as this is more grammatically
correct (Page 4, line 16).

NRC Resolution for Comment 8 on Draft SE:

The final SE will not contain these typographical errors. These errors are not in the
official document, but resulted from data transmission.

Replace the phrase “reactor design” with the phrase “reactor fuel design” as thisis a
more technically accurate statement (Page 4, line 22).

NRC Resolution for Comment 9 on Draft SE:.

Comment accepted. Change made.
Replace "WR13-2" with the correct name of the correlation: "WRB-2" (Page 4, line 35).

NRC Resolution for Comment 10 on Draft SE:

Comment accepted. Change made.



11.

12.

13.

14.

15.

16.

WCAP-15306-NP-A, Addendum 2-NP-A

-3

Add the missing word “Pressure” before the phrase “for the MV grid design” (Page 5,
line 9).

NRC Resolution for Comment 11 on Draft SE:

Comment accepted. Change made.

Add the phrase “in some of the plots” after the phrase “although trends were evident” in
order to communicate a more technically accurate statement (Page 5, line 44).

NRC Resolution for Comment 12 on Draft SE:

Comment accepted. Change made.

Change "NV” to "NMV" to be consistent with nomenclature used throughout the safety
evaluation (Page 6, line 38).

NRC Resolution for Comment 13 on Draft SE:

Cemment accepted. Change made.

Delete proprietary statement identified in Comment 14 of the letter dated January 21,
2008, providing comments on the draft SE for TR WCAP-14565-P-A, Addendum 2,
Revision 0 {Page 6, lines 41-42).

NRC Resolution for Comment 14 on Draft SE:

Comment accepted. Proprietary information deleted from final SE.

Delete proprietary statement identified in Comment 15 of the letter dated January 21,
2008, providing comments on the draft SE for TR WCAP-14565-P-A, Addendum 2,
Revision 0, and make the correction o humber that is identified in Table 1 of the draft SE
(Page 7, Table 1).

NRC Resolution for Comment 15 on Draft SE:

Comment accepted. Proprietary information deleted from final SE and the correction
identified in the draft SE has been made o Table 1.

Add the phrase “or 0.440 in.,” to the phrase describing the 14x14 fuel products and add

“the phrase “or 0.382 in.,” to the phrase describing the 15x15 fuel products as the WLOP

correlation is valid for both the Weslinghouse and CE fuel designs {(Page 7, lines 10-12).

NRC Resoluticn for Comment 16 on Draft SE:

Comment accepted. Change made.
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Delete proprietary statements identified in Comment 17 of the letter dated January 21,
2008, providing comments on the draft SE for TR WCAP-14565-P-A, Addendum 2,
Revision 0, and make the correction to number that is identified in Table 2 of the draft SE
(Page 8, Table 2).

NRC Resolution for Comment 17 on Draft SE:

Comment accepted. Proprietary information deleted from final SE and the correclion
identified in the draft SE has been made to Table 2.

Change the phrase “ABB-NV carrelation to NMV Weslinghouse fuel” to "ABB-NV
correlation to the NMV grid region of Westinghouse fuel” in order to make a more
technically accurate statement (Page 8, line 22).

NRC Resolution for Comment 18 on Draft SE:

Comment accepted. Change made.

Change the statement “presented in Table 6.1-1 of TR WCAP-14565-P-A, Addendum 2,
Revision 0” to “presented in the abstract of TR WCAP-14565-P-A, Addendum 2,
Revision 0 and the clarification given in Reference 14" to be consistent with the
previously identified correclion in RAI #2 in Reference 14 (Page 9, line 4).

NRC Resolution for Comment 19 on Draft SE:

Comment accepted. Changé made.

Change the statement "provided in Table 6.2-1 of TR WCAP-14565-P-A, Addendum 2,
Revision 0" to “presenled in the abstract of TR WCAP-14565-P-A, Addendum 2,
Revision 0, and the clarification given in Reference 14" to be consistent with the
previously identified correction in RAI #2 in Reference 14 (Page 9, lines 12-13).

NRC Resolution for Comment 20 on Draft SE:

Comment accepted. Change made.
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W&g E n gh 0 u S e . Westinghouse Electric Company

Nuclear Servicas
" P.O.Box355
Pittsburgh, Pennsyivania 15230-0355

USA
U.S. Nuclear Regulatory Commission Direct tel: (412) 374-4643
Document Control Desk Direct fux: {412) 374-4011
Washington, DC 20555-0041 e-mail: greshaja@westinghouse.com

Our ref: L TR-NRC-06-54
September 20, 2006

Subject:  Submittal of WCAP-14565-P-A Addendum 2 "Addendum 2 to WCAP-14565-P-A, Extended Application
of ABB-NV Correlation and Modified ABB-NV Correlation WL(_)P' for PWR Low Pregsure
Applications” (Proprietary)/WCAP-15306-NP-A Addendum 2, "Addendum 2 to WCAP-15306-NP-A,
Extended Application of ABB-NV Correlation and Modified ABB-NV Correlation WLOP for PWR Low
Pressure Applications” (Non-Proprietary)

Enclosed are 5 Proprietary and 3 Non-Proprietary copics of WCAP-14565-P-A Addendum 2 "Addendum 2 to
WCAP-14565-P-A, Extended Application of ABB-NV Cormrelation and Modified ABB-NV Correlation WLOP for
PWR Low Pressure Applications” (Proprietary )Y WCAP-15306-NP-A Addendum 2, “Addendum 2 w©
WCAP-15306-NP-A, Extended Application of ABB-NV Correlation and Modified ABB-NV Correlation WLOP for
PWR Low Pressure Applications” (Non-Proprietary), submitted to the NRC for review and approval. i is requested
that the above topical be approved by September 2007. 1t is also requested that the NRC provide an estimate on the
man-power resources requured for the review and a tentative date for the acceptance meeting.

Also enclosed is:

1. One (1) copy of the Application for Withholding, AW-06-2201 (Non-proprietary) with Proprietary
Information Natice.
2. One (1) copy of 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 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 this atffidavit or Applicatien for Withholding should reference AW-06-2201 and
should be addressed to I. A, Gresham, Manager, Regulatory Compliance and Plant Licensing, Westinghouse Electric
Company LLC, P.O. Box 355, Pittsburgh, Pennsylvania 15230-0355.

/\;ery tryly yon

J. A. Gresham, Manager
Regulatory Compliance and Plant Licensing

Enclosures
ce: R, Landry, NRR

E. Throm, NRR
J. H. Thompson, NRR

A BNFL CGroup company



WCAP-15306-NP-A. Addendum 2-NP-A

eSi?' Engh Quse Westinghouse Electric Company

Nuclear Services

P.0. Box 355
Pittshurgh, Pennsylvania 15230-0355
USA :
U.S. Nuclear Regulatory Commission Directtel: 412/374-4643
ATTN: Document Control Desk Direct fax: 412/374-4011
Washingten, DC 20355 e-mail: greshaja@westinghouse.com

Ourref. AW-06-2201
September 20, 2006

APPLICATION FOR WITHHOLDING PROPRIETARY
INFORMATION FROM PUBLIC DISCLOSURE

Subject: Submittal of WCAP-14565-P-A Addendum 2, "Addendum 2 to WCAP-14565-P-A, Extended
' Application of ABB-NV Correlation and Modified ABB-NV Cerrelation WLOP for PWR Low
Pressure Applications,” (Proprietary)

Reference:  Letter from J. A. Gresham to NRC, LTR-NRC-06-54, dated September 20, 2006

The application for withbolding 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 material 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-06-2201 accompanies this application for
withholding, setting forth the basis on which the identified proprietary information may be withbeld from public
disclosure.

Accardingly, it is respecttully requested that the subject information which is proprietary to Westinghouse be withheld
from public disclosure 1 accordance with 10 CFR Section 2.390 of the Commission's reguiations.

Correspoudence with respect o this application for withholding or the accompanying affidavit shiould reference AW-
0162201 and should be addressed to J. A. Gresham, Manager of Regulatory Compliance and Plant Licensing,
Westinghouse Electric Company LLC, P. O. Box 355, Pittsburgh, Pennsylvania 15230-0355.

Very truly (yours, s

IO gihon

1. A. Gresham, Manager
Regulatory Compliance and Plant Licensing

A BNFL Group company
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AW-06-220]

COMMONWEALTH OF PENNSYLYANIA:

COUNTY OF ALLEGHENY:

Before me, the undersigned anthority, persanally appearcd 1. A, Gresham, who, being by me duly sworn
according to law, deppses and says that he is awtheuized to execute this Affidavit cn behalf of Westinghouss Electric
Company LLC (Westinghuuse) and that the averments of fact set forth in this Affidavit are true and correct in the best of his

knewledge, information, and belief:

4 ,
j( A. Gresham, Maoager

Regulatory Compliance and Plant Livensing

Swiprn o and § %bwnbﬁf}

sfoie me 113 day
(}W 45&: 2006,

Nowry Public

- Motarial §
Shapori ., Fog, Nowy Pubsiic
Monrentie Bom, Allegheny Courty |
My Commission Sxpires Januany 28, 2007 i
Member Porne T Bsaoe AN O NGaE
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T am Manager, Regulatory Compliance and Plant Licensing, in Nuclear Services, 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 rulemaking 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" 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.

® The information sought to be withheld from public disclosure 1s owned and has been held in
confidence by Westinghouse.

(i) The mformation is of a ty}‘)e 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 constitutes Westinghouse policy and provides 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 Westinghouse's competitors
without license from Westinghouse constitutes a competitive economic advantage over

other companies.

(b) 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.

(c) 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.
E o
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(d It reveals cost or price information, production capacities, budget levels, or commercial

strategies of Westinghouse, its customers or suppliers.

(e) 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 1deas, for which patent protection may be desirable.
There are sound policy reasons behind the Westinghouse system which include the following:

(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.

b) It 1s information which is marketable in many ways. The extent to which such -
information is available to competitors diminishes the Westinghouse ability to sell -

products and services mvolving the use of the information.

c) Use by our competitor would put Westinghouse at a competitive disadvantage by
reducing his expenditure of resources at our expense.

(D Each component of proprietary information pertinent to a particular competitive
advantage 1s 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 1n obtaining and maintaining a competitive advantage.

The information is being transmitted to the Commission in confidence and, under the provisions of

10 CFR Section 2.390, 1t 1s to be received m confidence by the Commission.

The mformation 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.
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The proprietary information sought to be withheld i this submittal 1s that which is appropriately
marked in Submittal of WCAP-14565-P-A Addendum 2,"Addendum 2 to WCAP-14565-P-A,
Extended Application of ABB-NV Correlation and Modified ABB-NV Correlation WLOP for
PWR Low Pressure Applications,” (Propnietary), for submittal to the Commission, being -
transmitted by Westinghouse letter (LTR-NRC-06-54) and Application for Withholding Proprietary
Information from Public Disclosure, to the Document Control Desk. The proprietary information as

submitted by Westinghouse Electric Company is for NRC review and approval.
This mformation is part of that which will enable Westinghouse to:

(a) Obtain generic NRC licensed approval for the Extended application of the ABB-NV
Correlation and Modified ABB-NV Correlation WL OP: for Westinghouse fuel designs.

(b Assist customers in implementing an improved fuel product.
Further this information has substantial commercial value as follows:

(a) Westinghouse can use this correlation to further enhance their licensing position over

their competitors.
(b) Assist customers to obtain license changes.

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 fuel
design 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

mnformation.

The development of the technology described in part by the information 1s 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 sigmficant manpower effort, having the requisite talent and
experience, would have to be expended for developing the enclosed improved core thermal

performance methodology.

Further the deponent sayeth not.

Page i ol viii
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- " PROPRIETARY INFORMATION NOTICE

Transmitted herewith are proprietary and/or 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 coﬁfom1 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 mformation 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)(i1)(a) through (4)(11)(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 hicense, 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
1dentilied 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.

Page ii of viii
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Abstract

This report describes: 1) the extension of the ABB-NV Critical Heat Flux (CHF) correlation applications
to the non-mixing vane (NV) gnid region of the Westinghouse Pressurized Water Reactor (PWR) fuel
designs, and 2) the modification of the ABB-NV correlation based on low pressure rod bundle data. The
modified correlation for low pressure applications is designated the WLOP correlation. Similar to the
W-3 CHF correlation, ABB-NV will be used for predicting DNBR margin in the NV grid region to
supplement the primary DNB correlation for Westinghouse PWR fuel designs with mixing vane (MV)
grids. The WLOP correlation will be used for predicting DNBR margin at low pressure conditions that is
typically encountered in a steamline break (SLB) accident analysis, as an alternative to W-3 or MacBeth
correlations for Westinghouse PWR plants and Combustion Engineering PWR (CE-PWR) plants.

The ABB-NV correlation has previously been approved for application for CE-PWR plants with both the
TORC code and Westinghouse version of the VIPRE-01 code (VIPRE) thermal hydraulic codes.
Supplemental rod bundle data evaluation confirms the current ABB-NV correlation 95/95 DNBR limit of
1.13 with VIPRE for the NV grid region for Westinghouse PWR fuel designs. The supplemental data
evaluation extends the applicable range of the ABB-NV correlation.

The WLOP correlation is a modified ABB-NV correlation specifically for low pressure conditions and
extended flow range to cover low flow conditions. Modifications to the ABB-NV correlation form were
made using existing CHF data from rod bundles with NV ends, incorporating many of the tests included
in the ABB-NV correlation. The WLOP coefficients were derived based on fluid conditions from VIPRE
calculations. The WLOP 95/59 DNBR limit is determined to be 1.18 with the VIPRE code for both
Westinghouse PWR and CE-PWR fuel designs. The WLOP 95/95 DNBR limit is also qualified with test
data from rod bundles containing MV grids simulating Westinghousé PWR fuel designs.

The range of applicability for each correlation:

Parameter . ABB-NV Extension WLOP
Pressure (psia) 1750 to 2415 185 to 1800
Local mass velocity (Mibm/hr-ft*) 0.8 to 3.16 0.23 to 3.07
Local quality : < 0.22 < 0.75
Heated length, inlet to CHF location (in) 48*% to 150 48* to 168
Grid distance, (in) - 7.3 to 24

Gnd spacing term, GST 27 to 115
Heated hydraulic diameter ratio, [ 1™ 0.679 to 1.08 0.679 to 1.00

* Set as Minimum HL value, applied at all elevations below 48 inches

Page ii of viii



WCAP-15306-NP-A, Addendum 2-NP-A

Page Intentionally Left Blank

Page iii of viii



Section

1.0

2.0

3.0

4.0

5.0

2.1
2.2

3.1
3.2
33

4.1
4.2

4.3
4.4
4.5
4.6

WCAP-15306-NP-A, Addendum 2-NP-A

Table of Contents
Title Page
ADSITACE ..o iitiiet ettt ettt ee e st e eb e s et e et e et e aaate e st e s taeesaesnte st e sneeeneesteseneensnnenennns
Table Of CONIENES ..o e r e ee e iit
TAST O TADIES c.oeeeiiieii ittt et ee et ee s et e et e e e et e e nte et e enaas v
List of Figures........ocooovveiviiieieccieee et eeeeeieetee it eetiaeeatetateaetarateeartranteeernsnneeenan vii
INETOAUCTION. ..ottt e e s eeesse e ere e e e e enean 1
Description of CHF Test Program and Test Section Geometry..........occceevevveeviecneeeenn.e. 3
Description of Supplemental ABB-NV Test Sections.........cccccveveeeeverveenennen. 3
Description of WILLOP Typical TESE SECHONS ... veerereeeerees e eees e eeeees e eeeeseene 4
Qualification of ABB-NV Correlation for Westinghouse PWR.............c.oooeeevvivieennnnn. 23
ABB-NV Correlation........... PO 23
VIPRE Model .....cccceevivrveenirnienen. ST U TR OO OTR PR PTOPIIN 23
Data EValuation and STASHCS —...v.v.ovoveoeoeeeeoooooo oo 24
Development of Modified ABB-NV Correlation (WLOP) For Low Flow/ ................... 29
Low Pressure Conditions :
Description of Tests Supporting Correlation .........ccoeevevieeeriviiivecveineeeenes reernnens 29
Modification of ABB-NV Correlation FOrm ...........cococoooooviioeeieeeeeeeeeeeen 30
1.1.4 “Additional Term for Pressure . .......oooooviiiiviieeiiiec e e 31
2.1.4 Geometry Term Modification.......cococovviiiiiiiin e e 32
3.1.4 Heated Length Term ......cooooiiiiiiiiii e 32
4.1.4 Grid Spacing Term Modification..........ccceeeviiieciieieee e 32
514 Heated Hydraulic Diameter of CHF Subchannel Term........................ 33
6.1.4 Proximity of Matrix Subchannel to Guide Tube Multiplier ................. 33
— Modified Term
VIPRE MOUE! ..ottt e eve s 34
Data EValuation and STatiSties oo vererrooeeeoe oo oo 35
Validation of Correlation ...t 37
Demonstration Test RESUIES i.....oocoiiviiiieiiee e 38
Statistical EValUation ...t e 55
SHAtISHCAl TESES oot e e e 56
5.1.1 Treatment of OUIHETS ........o..ov.oveeveeeeoeeeeeeeeeeeeoeeeseeeeeeees e eseseennesess 56
5.1.2 NOrmality TESES ..eviiiie e e 57
5.1.3 Statistical Tests for Comparison of Data Groups ...........cccooeceveiineennne. 58
5.1.3.1 Homogeneity of Variances .........ccoovevvivinenieciiee e 58
5.1.3.2 Test for Equality of Means for Two Data Groups.................... 59

— Unpaired t-Test



WCAP-15306-NP-A, Addendum 2-NP-A
Table of Contents (Cbnt.)

Section Title Page
5133 Test for Equality of Means for Multiple Data Groups............. 59
- Analysis of Variance, F-Test

5134 Distribution Free Comparison of Average Performance ......... 60
5.1.4 One-sided 95/95 DNBR LAt ........cccovevvievieiieircerieeieeee oo eeen 61
5.1.4.1 " Normally Distributed 95/95 DNBR Limit......cccoocoveeiinineenne. 61
5.1.4.2 Distribution Free 95/95 Limit......ccccooveciieveriniieneieeeneeee e 62
5.1.5 Graphical Verfication ..........ccouiiietoieenic e e e eeesens 62
52 ABB-NV Correlation Statistical Evaluation and 95/95 DNBR ..., 62

Limit for Westinghouse PWR Application
53 WLOP Correlation Statistical Evaluation and 95/95 DNBR Limit................... 87
6.0 Correlation APpHcations..........ccccveivvieinemneire e e e ettt e et e e e s nae e eann 111
6.1 ABB-NV Correlation Application to Westinghouse PWR ... 111
6.2 WLOP Correlation Application...........ccocceeee. fertaeeeearteeeareerraretaernnrteeaasraraean s 113
7.0 CONCIUSTONS oottt ettt et ettt ettaeere e sateesestae e eameesemeen e senenaeneas 115
8.0 RETETENCES v vee oot ee e eeeee et eee e ee s e eee e P 117
Appendix A ABB-NV Correlation Extension Qualification Database ..........ccccooceviininiieeine.. o Al
Appendix B ABB-NV Correlation Extension Qualification Database VIPRE.............c..occl B-1

Statistical Output '

Appendix € WLOP VIPRE Database .........o.ovvoveoveoieooeeereeeeeeeeeeeeeeeeeeeeeseee e, e, C-1
Appendix D WLOP VIPRE Statistical OuPUL......c..coiiiiiiiiiiie e e e e D-1
Appendix E WLOP CHF TeSt GEOMEIIES ...ocovvveervieieiriereeis seeaeareeeaseeassseeeaseaeameeeesseasnsesseasaneaessanen E-1



Table

2-1

2-2
3-1

4-1
4-2

43

4-5

" 5.2-1

5.2-2

5.2-3

5.2-4
5.2-5
5.2-6
5.3-1
5.3-2

5.3-3
534
5.3-5
5.3-6
6.1-1
6.2-1

WCAP-15306-NP-A, Addendum 2-NP-A

List of Tables
Title Page
Geometric Characteristics of ABB-NV Supplemental Tests..........c.cccoo........ e 6
Geometric Characteristics of WLOP Correlation and Validation Tests ............cc.......... 6
VIPRE Model Input Specifications for Supplemental NV Tests.......cccooeeveeveecveeneennne 26
CHF Test Statistics for ABB-NV Correlation Database with VIPRE Code................... 27
[ 1* € Loss Coefficients Input to VIPRE..........cccooovveveiiiieceeieeeeeeeeee e 39
VIPRE Model Input Specifications for WLOP TeStS ...........cc.oovommimueceeeeeeeeeeeeeeeeen. 40
CHF Test Statistics for WLOP Correlation/Validation Database with VIPRE Code..... 41
Geometric Characteristics of the WLOP Mixing Vane Demonstration Tests................... 42
CHEF Test Statistics for WLOP Correlation in VIPRE Code for Mixing Vane Tests ..... 43
ABB-NV Original and Qualification Database Comparison Tests...........ccoevecrerrvennnne. 65
Statistical Comparison Tests, Combined ABB-NV Original and Qualification............. 66
Database _
Comparison Tests for Pooled Subsets, Combined ABB-NV Original and..................... 67
Qualification Database
D’ Normality Tests — ABB-NV Original and Qualification Data................................. 68
Determination of 95/95 DNBR Limit for Pooled Data............cc.ocoooovoeeiieeeiceciee 69
Parameter Range for Extension of ABB-NV Correlation........ e . 70
Comparison Tests, WLOP Correlation and Validation Database.............ccccooooeeinenn. 89
Parametric Comparison Tests, Combined Correlation and Validation WLOP............... 90
VIPRE Database
Comparison Tests for Pooled Subsets, WLOP VIPRE Database .............cccccocovveeneenn, 91
W and D’ Normality Tests, WLOP VIPRE Database .........cccccvvvieveiineveieere e 92
Determination of DNBRgs Limit for Pooled Data, WLOP VIPRE Database ................. 93
Parameter Ranges for the Final WLOP VIPRE Correlation Database ........c..cceeeeenien... 94
Applicable Range of ABB-NV Correlation EXtension ..........cccoocoovveveeiiuieece e 113
Applicable Range of WLOP CHF Correlation .................. SO 114

vi



WCAP-15306-NP-A, Addendum 2-NP-A

Page Intentionally Left Blank

vii



Figure

2-1
2-2
2-3
2-4
2-5
2-6

2-8
4-1
4-2

4-4
4-5

5.2-1
5.2-2
5.2-3
5.2-4
5.2-5

w
i
3

W

W W
] '

L i
wwwuluwww

Wnh b L W
1 1 1 |
N W R W = S0

WCAP-15306-NP-A, Addendum 2-NP-A

List of Figures

Title Page
Radial Geometry — CHF Test Section 190 ......ccoociniiiiiiiii e 7
Axial Geometry — CHF Test Section 190..........ccoccueen.e. ettt ——a et et asabe s e ereas 9
Radial Geometry — CHF Test Section 175 ..o e 11
Axial Geometry — CHE Test Section 175 ... 13
Representative Radial Geometry — 14x14 Geometry with “Centered” Thimble............. 15
Representative Radial Geometry — 14x14 Geometry with “Offset” Thimble ................ 17
Representative Radial Geometry — 14x14 Geometry without Thimble..............c........... 19
Representative Radial Geometry — 16x16 Geometry with “Offset” Thimble ................ 21
Measured CHF VErsus PreSSure ......oooviiiiiiieiee et srvae e stva et ee s sevee s s meeneas 45
Trend of Initial M/Pwith Flow ... ettt 47
Trend of M/P with Flow, Based on Final Correlation FOrm..........ccocovvvvivececevvee e, 49
Trend of M/P with Pressure for Demonstration Mixing Vane Data..........ccccceeevenneenn. 51
Trend of M/P with Flow for Demonstration Mixing Vane Data .................cccooeeeiennn... 53
Measured versus VIPRE/ABB-NV Predicted Critical Heat Fluxes ...........ccocoeveeevneenns 71
Plot of VIPRE/ABB-NV M/P CHF Ratio versus Pressure........... e e anateararaaaaans 73
Plot of VIPRE/ABB-NV M/P CHF Ratio versus Local Mass Velocity .......... R 75
Plot of VIPRE/ABB-NV M/P CHF Ratio versus Local Quality ..............ccooceenerennnnnnn. 77
Plot of VIPRE/ABB-NV M/P CHF Ratio versus Heated Hydraulic Diameter Ratio..... 79
Plot of VIPRE/ABB-NV M/P CHF Ratio versus Matrix Heated Hydraulic ................. 81
Diameter, Dhm

Plot of VIPRE/ABB-NV M/P CHF Ratio versus Heated Length, HL ...........ccoceoee... 83
Plot of VIPRE/ABB-NV M/P CHEF Ratio versus Distance from Grid, DG.................... 85
Measured and Predicted Critical Heat Fluxes, WLOP Correlation ...........cc.ccoeoveeee . 95
Plot of M/P CHF Ratio versus Pressure, WLOP Correlation ............ocoovveeeeeeeceeeeeeen, 97
Plot of M/P CHF Ratio versus Local Mass Velocity, WLOP Correlation........cc..ccoe.... 99
Plot of M/P CHF Ratio versus Local Quality, WLOP Correlation.............cccooueicnenen.. 101

Plot of M/P CHF Ratio versus Heated Hydraulic Diameter Ratio, WLOP Correlation 103
Plot of M/P CHF Ratio versus Matrix Heated Hydraulic Diameter, Dhm, WLOP ....... 105
Correlation

Plot of M/P CHF Ratio versus Heated Length, HL, WLOP Correlation...........oceee..... 107
Plot of M/P CHF Ratio versus, Grid Spacing Term, GST WLOP Correlation ............. 109

viii



WCAP-15306-NP-A, Addendum 2-NP-A

Page Intentionally Left Blank

ix of viii



WCAP-15306-NP-A, Addendum 2-NP-A

1.0 Introduction

The ABB-NV correlation was developed based on CHF data of rod bundles obtained from the Heat
Transfer Research Facility of Columbia University for Pressurized Water Reactor (PWR) 14x14 and
16x16 fuel designs containing structural non-mixing vane grids. A CHF correlation is also commonty
referred to as a Departure from Nucleate Boiling (DNB) correlation in PWR safety analyses. The
ABB-NV correlation has been approved for application for fuel designs containing- non-mixing vane
(NV) grids for Combustion Engineering PWR (CE-PWR) with both the Westinghouse TORC computer
code™ and the Westinghouse version of the VIPRE-01 (VIPRE) code®®. The SER on the VIPRE
application® stated that VIPRE is equivalent to TORC for the ABB-NV correlation under the conditions
that DNBR calculations for CE-PWR fuel designs are within the current applicable range.

Currently, the W-3 correlation is used for predicting DNBR margin in the NV grid region to supplemént
the primary DNB correlation for Westinghouse PWR fuel designs with mixing vane (MV) grids. The
W-3 correlation is also used to supplement the primary DNB correlation for DNBR calculation at the low
pressure conditions from PWR post-trip steamline break (SLB) events (also referred to as Hot Zero Power
(HZP) SLB events) as well as low flow and low pressure conditions from a post-trip SLB without offsite
power event®. The W-3 correlation was developed in the 1960’s from single tube and annular geometry.
The W-3 correlation has been validated to be conservative for rod bundles for current design applications,
but its DNBR predictions are not very accurate as reflected in the relatively high 95/95 DNBR limits®.
For CE-PWR plants, the MacBeth correlation is conservatively used for DNBR calculation at the low
pressure conditions for post-trip (HZP) SLB accident analysis ©. '

The ABB-NV correlation was developed exclusively from rod bundle data with PWR NV grids, and
therefore it provides more accurate DNBR predictions than W-3. A modification to the ABB-NV
correlation is made based on rod bundle data at low pressure and low flow conditions. The modified low
pressure ABB-NV correlation is designated as the WLOP (Westinghouse Low Pressure) correlation in
this report. The WLOP correlation predicts more accurate DNBR than either W-3 or MacBeth correlation

at the low pressure and low flow conditions.

This addendum describes qualifications of the extended application of ABB-NV and the WLOP
correlation as an alternative to W-3 or MacBeth, in supplement to the primary DNB correlation for
Westinghouse PWR fuel designs with Westinghouse version of the VIPRE code™®. Tt provides:

1. Justification on the use of the ABB-NV comrelation for the non-mixing grid region of
Westinghouse PWR with no change to the correlation form, its cocfficients and the currently
licensed 95/95 DNBR limit™*,

2. Development and validation of the WLOP correlation and the proposed 95/95 DNBR limit for

low pressure and low flow conditions.

The justification of extending the ABB-NV correlation to Westinghouse PWR fuel designs is based on

the demonstration of the applicability of the ABB-NV correlation to supplemental non-mixing vane data
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from CHF tests with rod diameters of 0.36 and 0.374 inches. The applicable range of pressire, flow and

R®® is maintained.

the maximum quality limit approved in the SE
The WLOP correlation is a modified ABB-NV correlation specifically for low pressure conditions.
" Modifications to the ABB-NV correlation form were made using existing CHF data from rod bundles
~ with non-mixing vane grids, incorporating many of the tests included in the ABB-NV correlation. The
correlation data with non-mixing vane grids were obtained for test section heated lengths ranging from
48 inches to 150 inches, grid spacing of 8.0 inches to 21.5 inches, rod diameter ranging from 0.374 inches
to 0.440 inches, flows above 0.15 Mlb/hr-ft’, and pressures above 185 psia. The WLOP coefficients were
derived based on fluid conditions from VIPRE calculations.

A description of the CHF tests used to demonstrate the applicability of the ABB-NV correlation for the
non-mixing grid region of Westinghouse PWR fuel designs is given in Section 2 of this addendum. A
" description of the CHF tests supporting the modified ABB-NV correlation, WLOP, is also summarized in
Section 2. Available mixing grid CHF tests are also examined to demonstrate the applicability of the

_WLOP correlation to mixing vane designs.

Section 3 provides a description of the VIPRE modeling of the CHF tests used to demonstrate the
applicability of ABB-NV correlation for the NV grid region for the Westinghouse PWR fuel designs and

the results compared to the correlation results for CE-PWR with VIPRE presented in Reference 3.

Section 4 describes the modification of the ABB-NV correlation form for application at low flow and low
pressure conditions and the optimization of the coefficients for the WLOP correlation and the validation

of the correlation. VIPRE was used to compute the local coolant conditions in the CHF test sections.

Section 5 summarizes the statistical evaluation for the ABB-NV correlation with the supplemental
qualification test data presented in this report and the statistical evaluation for the modified correlation,
WLOP. The evaluations confirmed the current 95/95 DNBR limit of the ABB-NV for the extended
application, and determined a 95/95 DNBR limit for the WLOP application.

Section 6 discusses how the ABB-NV and WLOP CHF corrclations will be applied in plant safety or

reload analyses. Conclusions are presented in Section 7 and References are given in Section 8.

A detailed summary of the ABB-NV qualification database for the NV grid region of Westinghouse PWR
is given in Appendix A. The statistical output of the ABB-NV correlation for the qualification database is
given in Appendix B. A detailed summary of the WLOP correlation and validation database for the low
flow and low pressure conditions is given in Appendix C. The statistical output of the WLOP correlation
is given in Appendix D. A detailed summary of the test section radial and axial power distributions for

the WLOP correlation is given in Appendix E.
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2.0 Description of CHF Test Programs and Test Section Geometry

A description of the original CHF experiments and test sectioni geometry for the ABB-NV correlation is
given in Reference 4. Two supplemental tests were selected to demonstrate that the ABB-NV correlation
is applicable for the region of Westinghouse PWR fuel designs below mixing vane grids at the core inlet.
One rod bundle test, identified as Test 190, was performed on a brazed Inconel NV grid design with
21.5 inch grid spacing at Columbia University’s Heat Transfer Research Facility in the 1980’s. The
second test, identified as Test 175, was taken from the open literature”. Test 175 was performed on a
NV grid design in a hexagonal rod bundle with similar rod and hydraulic diameter dimensions as the
Westinghouse PWR with 0.360-inch diameter rods and 0.496~inch rod pitch.

The CHF experiments for the modified ABB-NV correlation for low pressure conditions (WLOP) were
conducted at Columbia University’s Heat Transfer Research Facility. The WLOP correlation is based
upon a re-evaluation of CHF data from rod bundle tests that spanned the period from 1971 to 1982. CHF
tests used to demonstrate applicability for mixing vane grids were performed up to the 1990’s. A detailed
description of the facility for the WLOP tests can be found in Reference 8. A description of the test loop

and data acquisition system used for the supplemental tests is provided in Reference 4.
2.1 Description of Supplemental ABB-NV Test Sections

For the non-mixing grid region of Westinghouse PWR fuel designs below the first mixing vane grid, the
ABB-NV correlation is applicable, since most parameters are within the applicable ranges specified in the
SER®.  Although the NV grid region 1s less than 30 inches in a typical Westinghouse fuel design,
additional conservatism is added to the correlation application by maintaining the minimum heated.length
to be 48 inches. The Westinghouse PWR designs with 0.422-inch diameter fuel rods fall within the tested
rod diameters in the ABB-NV correlation. The Westinghouse PWR fuel designs with 0.374-inch diameter
fuel rods and 0.360-inch diameter fuel rods are slightly outside the rod dimensions in the ABB-NV

database®®

and the grid spacing is somewhat greater than the grid spacing in the original database. The
qualification database was selected for those rod diameters with different grid spacing to demonstrate that
the ABB-NV correlation with its existing grid spacing term was sufficiently robust to predict test data of
fuel geometry somewhat outside the original correlation range. A summary of the test section geometry

for the supplemental tests is shown in Table 2-1.

The Test 190 test section simulates a 5x5 array of a 17x17 fuel design with heated rods of 0.374 inch O.D.
in a 0.500 inch rod pitch with NV grids. The grid has straight strap design with 12-mil strap thickness
and the test was performed with 21.5 inch nominal grid spacing. The radial geomelry for this test section
1s shown in Figure 2-1. The power split between the cold rods and hot rods for this test was

] ab, ¢

approximately | . The axial locations of the test grids and rod thermocouples for Test 190 are

given in Figure 2-2.
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Test 175 was taken from the open literature'”’ and simulates a seven-rod bundle-in.a triangular array. This
test was selected since it provided data with heated rod diameter near 0.360 inches (0.358-inch rod
diameter) and a rod pitch of 0.496 inches. DNB tests previously performed by Westinghouse from
grid-spaced rod bundles show no significant difference in CHF between a square array and a triangular
array with similar rod and hydraulic diameter dimensions®”. The radial geometry for this test section is
shown in Figure 2-3. The power split between the cold rods and hot rods for this test was 1.0. The axial
locations of the test grids and rod thermocouples for Test Section 175 are given in Figure 2-4. It is noted
that the distance from grid, DG, from the last grid to the end of heated length (EOHL) is 7.3 inches
although the nominal grid spacing is 9.45 inches. ABB-NV predictions in good agreement with the CHF
data from a rod bundle in a hexagonal lattice demonstrate that the correlation is sufficiently robust to

cover different geometries for non-mixing vane grids.
2.2 Description of WLOP Test Sections

The data used for the development and validation of the WLOP correlation were obtained from cighteen test
bundles with a uniform axial power shape. The test sections, described in Table 2-2, simulate a 5x5 array
of fuel assembly geometries without mixing vanes. Thirteen of these test sections are representative of a
14x14 fuel assembly geometry (0.440 inch O.D. heated rods and 0.580 inch rod pitch), four test sections are
representative of a 16x16 fuel assembly geometry (0.382 inch O.D. heated rods and 0.506 inch rod pitch)
and one test section is representative of a 17x17 fuel assembly geometry (0.374 inch O.D. heated rods,
0.500 inch rod pitch) with brazed Inconel gnids. It is noted that high pressure data from seven tests,
Tests 18, 21, 36, 38, 43, 47 and 51, were used in the development of the ABB-NV correlation and the test
specific gedmetry has already been documented in Reference 4.

Twelve of the tests were conducted with a simulated guide thimble. Tests were run with the simulated guide
thimble placed either near the center of the test section surrounded by heated rods or adjacent to the test
shroud. Typical radial geometries for the 14x14 test sections, with and without a guide thimble, are shown
in Figures 2-5 through 2-7, respectively. A typical radial geometry for the 16x16 test sections with a guide
thimble is shown in Figure 2-8. The radial geometry for the 17x17 geometry without a guide thimble is
shown in Figure 2-1. The power split between the cold rods and hot rods ranged from [ | A
The radial power distributions for the individual tests not included in the ABB-NV correlation are given in
Appendix E. The axial geometries for these individual tests are also given in Appendix . A summary of
the test section geometry for the eighteen tests is shown in Table 2-2. The data from the source or
“comrelation” test sections were used to develop the coefficients for the WLOP correlation following the
ABB-NV correlation form with modifications to the form as discussed in Section 4.0. The data from the
“validation” test scctions were used in the evaluation of the correlation. Test sections were selected to
provide data at the low flow, low pressure conditions and to cover the range for the geometric parameters
such as heated length, grid spacing, and heated hydraulic diameter.
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The test grids for all the tests are similar to the reactor design. The standard grids were manufactured with
Zircaloy-4 material for the early tests. The stronger Inconel 625 material was used in later tests to provide
improved support for the heater rods. The grid material change does not affect CHF performance of the grid
design. To provide additional support for the 150” heated length tests, the test grid springs were reinforced.
The use of the reinforced spacer grids was justified in Appendix D of Reference 8. The test with the
0.374 inch diameter rods was performed with Inconel grids. By utilizing Inconel grids and reinforced grids,
the amount of rod deflection due to clectromagnetic forces was minimized and simple support grids were
not used.
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_ Table 2-1
Geometric Characteristics of ABB-NV Supplemental Tests

TestNo. o Rod Diam. Rod Pitch Licated Grid Cuide GTDiam. Axial Radial ~ Shroud
Arra ~in ~in Length Spacing Thimble ~in Shape Split Clearance
y . - ~in. ~in. : P ColdHot  ~in.
a,b,c
Table 2-2
Geometric Characteristics of WLOP Correlation and Validation Tests
Test Bundle Rod Rod Heated Grid Guide GT Axial Radial Shroud Minimum Minimum
No. Arra Diam. Pitch Length Spacing Tube Diam. Sha Split Clearance  Pressure Flow
: Y .. ~in. ~in.  ~in ~in. P Cold/Hot  ~in. ~psi  ~MiIb/hr it
Correlation Data
- a, b, ¢
Validation Data
a, b, ¢

Grid Spacing xxE/yy indicates nominal grid spacing of yy inches with xx inches between last grid and
End of Heated Length, EOHL.
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Higure 2-1
Radial Geometry — CHF Test Section 190

a, b, ¢
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Figure 2-2
Axial Geometry — CHF Test Section 190

a,b,c
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Figure 2-3
Radial Geometry — CHF Test Section 175
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Axial Geometry — CHF Test Section 175

GRID (71677

EOHL (68.89")

68.89" HEATED LENGTH

|

BOHL (0.00"

]

945" TYP

4

SRR AR

GRID (61.59")

GRID (52.14")

GRID (42.69")

GRID (33.24"

GRID (23.79")

GRID ( 14.34")

GRID (4.89")

Non-Mixing Vane Grid

T/C =Thermocouple

BOHL =Beginning of Heated Length
EOHL =End of Heated Length

Page 13 of 118

GRID (-4.56")



WCAP-15306-NP-A, Addendum 2-NP-A

Page Intentionally Left Blank

Page 14 of 118



WCAP-15306-NP-A, Addendum 2-NP-A

Figure 2-5
Representative Radial Geometry — 14x14 Geometry
with “Centered” Thimble
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Figure 2-6

Representative Radial Geometry — 14x14 Geometry

with “Offset” Thimble
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Figure 2-7

Representative Radial Geometry — 14x14 Geometry

without Thimble
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Figure 2-8
Representative Radial Geometry — 16x16 Geometry
with “Offset” Thimble

0.506"

Legend 0’

Rod No.
Rod Type, 1-Hot, II- Cold

Page 21 of 118



WCAP-15306-NP-A, Addendum 2-NP-A

Page Intentionally Left Blank

Page 22 of 118



WCAP-15306-NP-A, Addendum 2-NP-A

3.0 Qualification of ABB-NV Correlation for Westinghouse PWR

The ABB-NV database used for correlation development and validation with the VIPRE code for
CE-PWR in Reference 3 consists of approximately 720 data points from fourteen test sections in 5x5
arrays simulating CE 14x14 and 16x16 fuel designs with NV grids. The qualification database for the
Westinghouse PWR fuel designs consists of approximately 150 additional data points from two new test
sections, or approximately 20% of the original database.

3.1 ABB-NV Correlation

The ABB-NV correlation is based on a linear relationship between CHF and local quality. The
correlation includes the following variables: pressure, local mass velocity, local equilibrium quality,
distance from grid to CHF Iocatioh, heated length from inlet to CHF location, and heated hydraulic
diameter of the subchannel. Special geometry terms are used in the correlation to correct CHF
calculations for grid, heated length, heated diameter (cold wall effect) and guide tube cffects. The
ABB-NV correlation has been used with the TORC code' and the VIPRE code®™ for CE-PWR licensing
applications. The NRC approved DNBR limit is 1.13 with both codes, from References 3 and 4, at a 95%
probability and a 95% confidence level (95/95). A more detailed description of the ABB-NV correlation
can be found in Reference 4.

A summary description of the CHF tests supporting the extended application of the ABB-NV correlation
for the non-mixing grid region of the Westinghouse PWR is provided in Section 2 of this report. Test 190
used a 5x5 array of electrically heated rods with uniform axial power distribution with brazed Inconel NV
grids, which simulated the geometry of a 17x17 fuel design in the reactor assembly. Test 175 was a
hexagonal-lattice test with seven rods in a (riangular pitch. The test rod dimensions, diameter
(0.358 inches) and pitch (0.496 inches), are similar to the Westinghouse PWR fuel design with.0.360-inch
rod diameter and 0.496-inch rod pitch. Validation of the ABB-NV correlation to a NV grid test with a
different geomeltry demonstrates that the correlation is robust and is applicable to the NV grid regions of
different fuel configurations. Figures showing the geometry for these qualification test sections are also
shown in Section 2. The relative radial power split between cold and hot rods ranged from approximately
i ‘ ] % to 1/1. A summary of the geometric characteristics for the supplemental tests for the
ABB-NV database s given in Table 2-1.

3.2 VIPRE Model

A VIPRE model was prepared for each supplemental test section based on the test section axial and radial
geometry and test section axial and radial power distributions. Following the VIPRE calculations on the
ABB-NV database documented in Reference 3, the VIPRE calculation used the measured values of
pressure, inlet temperature, bundle average mass velocity and bundle average heat flux at CHF, as given
in Appendix A. The VIPRE turbulent mixing model used for the supplemental tests is the same as that

. . . 3)
used for the current design applications ©:
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W= e

where a, ¢

The VIPRE turbulent mixing factor applied was equivalent to the | ‘
] > © applied in the VIPRE models for the original ABB-NV original database. The local
conditions at the [ 1™ ¢, are used to evaluate the M/P

CHF ratio for the qualification database.

VIPRE channel numbering is illustrated in Figures 2-1, 2-3, 2-5 through 2-8. The VIPRE decks are set up
with [ 1™ ¢ The grid elevation is specified based on the grid |
' ] ™ “ location. The grid elevations are identified in Section 2.- Following the development of
the ABB-NV correlation, Reference 4, the | : ] * € is applied to all
channels. Itis noted that when |
] € used in the analysis. The use of |

] *“is also consistent with the design calculations using the W-3 correlation.

The VIPRE two-phase flow and crossflow correlations are kept the same as that for Westinghouse PWR
applications in Reference 2. The input specifications for the VIPRE model are summarized in Table 3-1.
The VIPRE/ABB-NV local conditions for the qualification database are listed in Appendix A.

33 Data Evaluation and Statistics

"The means and standard deviations of the M/P CHF ratios for the qualification database and individual
test sections are presented in Table 3-2, along with the data for the original ABB-NV database from
Reference 3. The detailed statistical output for the individual test points in the ABB-NV qualification
database is provided in Appendix B. It is noted that the ABB-NV correlation predictions are in good
agreement with data from tests 190 and 175 even though the distance from grid term, DG, is extended
bevond the range of the original database. This demonstrates that the form of the distance from grid term
is sufficiently robust to be applicable for slightly larger DG outside the original range. From Appendix B,
the values of DG are 21.54 inches for Test 190 and 7.30 inches for test 175. From Reference 4, the form

is the distance from gnd term is:

[ 1™
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where
DG = Distance from [ 1™ ° to CHF axial location,
inches
[ 1%¢ .
[ 1*

Further discussion of the statistical evaluation of the ABB-NV correlation, including the qualification

database, and the determination of the DNBR 95/95 limit for Westinghouse PWR application is given in
Section 5.
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Table 3-1
VIPRE Model Input Specifications for Supplemental NV Tests

Supplementary DNBRS output file selected: IDNBRS set to 2 or 3 in CONT.6.
Single phase friction factor: f=| 1>
Two-phase flow Friction multiplier: | 1%¢.
Two Phase Flow: | : 1%
Axial nodes: [ 1>
Average grid loss coefficient used:
Test 190 — [ 1"
Test 175 — [ 1>>
The crossflow resistance factor, K: |

[ ] a,b,c'

] a,b, ¢

] a,b, ¢

The turbulent momentum factor: |

The traverse momentum parameter: [ 1>

The axial flow convergence for external iteration, FERROR set to | 1%

Turbulent Mixing: [ 1%
This applies to both single and two-phase conditions.

Uniform mass velocity was used as the inlet flow option.

Radial nodes: Figures 2-1, 2-3, 2-5 through 2-8.
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Test
No.

Bundle Rod Diam. Rod Pitch  1ieated Grid o ide

Array ~in. ~in. Lfl;lglth Slla;:ng Tube

Axial Shape

N

ABB-NV
M/P

S
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4.0 Development of Modified" ABB-NV Correlation (WLOP) For Low Flow/Low Pressure
Conditions

The WLOP correlation was developed based on Critical Heat Flux (CHF) test data obtained from the Heat
Transfer Research Facility of Columbia University. The tests were performed with simulated 5x5 arrays
of 14x14, 16x16 and 17x17 fuel aésembly geometries for non-mixing grids. The correlation database
includes tests with uniform and non-uniform radial power distributions, with and without guide thimbles,
heated lengths from 48 to 150 inches and grid spacing from 8 to 18.25 inches. To provide overlap with
the ABB-NV correlation, the upper pressure of the database is set to be 1800 psia. The lower pressure is
determined by the available test data. This limit was chosen since it was found that measured CHF varied

with pressure in a more complex manner when the pressure range is increased.

The functional form of the CHF correlation is empirical and is based solely on experimental observations
of the relationship between the measured CHF and the correlation variables. The form of the correlation
1s based on’a linear relationship between CHF and local quality similar to the ABB-NV correlation,
documented in Reference 4. The WLOP correlation includes the same variables as the ABB-NV
correlation: pressure, local mass velocity, local quality, a grid spacing term, heated length from inlet to
CHF location and the heated hydraulic diameter ratio of the CHF channel. As discussed in Reference 11,
at [ _ 1™
For the NV grids used in this test, this [
] ™€ To better account for the [

1 ™® ¢, the grid spacing term, GST, is employed in the

WLOP correlation. The grid spacing term, GST, is defined as the [

1™ Itis noted that for fuel assemblies with [ ]™¢, the grid spacing term,
DG, 1s equally effective as the grid spacing term. The heated hydraulic diameter ratio is defined as the
[
] ™. Special geometry terms are applied to the correlation to correct CHF for grid spacing,
heated length, and heated diameter (cold wall) effects.

4.1 Description of Tests Supporting Correlation

A summary description of the CHY tests supporting the WLOP correlation is provided in Section 2 of this
report. A number of the tests used in the development of the ABB-NV correlation in Reference 4 were
maintained since they contain data at low flow and low pressure conditions, as well as data to support the
geometry terms of the correlation. Included in this group are Tests 18, 21, 36, 38, 47 and 51. Several
tests were added to the ABB-NV grid database to provide additional data at the low flow and low pressure
conditions. Tests 9, 13, 30, 35 and 39 provided additional data at low flow and low pressure conditions.
Tests 10, 19 and 33 were selected to provide grid spacing data. Tests 37 and 42 were selected based upon
the amount of available data in the WLOP correlation parameter range for different fuel assembly
geometries. Test 190 was selected since it provided the low flow data and simulated the 17x17 fuel

assembly geometry.
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Similar to the ABB-NV correlation, the WLOP correlation is based upon a series of tests that provide a
good representation of the thermal performance of NV grid fuel assemblies. As stated in Appendix C of
Reference 8, some early tests for the 14x14 fuel assembly geometry were performed with grids made of
Zircaloy-4 and a large clearance, | ] * ¢, between the test section shroud and the peripheral
heater rods. Later tests were performed with grids made with the stronger Inconel 625 material since
some the data obtained with rod bundles using the Zircaloy-4 grids suffered from the effects of larger rod
displacements due to electromagnetic attractive forces. The later tests were also run with a tighter shroud
clearance, | 1™ to reduce the enthalpy difference between the normally colder peripheral
subchannels and the hotter interior subchannels and to reduce the excessively large bypass flow. Both of
these changes provided a better representation of the thermal performance of fuel assembly in the reactor.
Therefore, when available, tests performed with Inconel 625 grids and tighter shroud clearances were
chosen for the WLOP and the ABB-NV databases. However, to obtain data at low flow and low pressure
conditions, a number of tests with the large clearance, | 1* € and Zircaloy grids were selected
for the WLOP correlation. The inclusion of the tests with the larger shroud clearance provides
conservative estimates of the CHF improvemenis due to the increased bypass flow in the peripheral

subchannels.

To develop a separate validation database for the WLOP correlation, data from three test bundles were
selected. These test bundles were similar to tests in the correlation database, and Test 190 provided data
for lower mass velocity at the relatively largei‘ grid spacing, 21.46 inches. Test 39 provided low flow and
low pressure data for the validation. Test 43 provides validation data for the 16x16 design. The

validation data were more than 27% of the total correlation database.
4.2 Modification of ABB-NV Correlation Form

As described in Reference 4, the form of the ABB-NV correlation was initially developed with the
primary variables: pressure, local mass velocity, and local quality. Nine terms of the correlation use the
primary vanables. This | ] ™ € expression is based on a partial expansion of pressure to the
second order and local mass velocity and local quality to the first order. This expression can be used to
correlate the data from any test section.: The correlation form is then adjusted for geometric effects. For
the ABB-NV correlation, the geometric parameters include the heated hydraulic diameters of the CHF
subchannel, the distance from grid to CHF location, DG, the heated length from beginning of heated
length (BOHL) to CHF location, and the proximity of matrix subchannels to large guide tubes in the ABB
fuel designs. ’

From Reference 4, the final ABB-NV correlation form is:
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and:

Fow = | 1* Guide thimble heated hydraulic diameter factor

Far = | 1*¢ Distance from grid factor

Fao = | 1% Heated length factor

For = | 1*¢  GT proximity factor
where:

qQ"curu =  Critical Heat Flux based on uniform axial power shapes, MB tw/hr-ft

Pr = Pressure, psia ,

GL = Local mass velocity at CHF, Mlbmy/ hr-fi

XL = Local coolant quality at CHF, decimal fraction

Dh = Heated diameter of subchannel, inches

Dhm = Heated diameter of matrix subchannel, inches

DG = Distance from [ 1*° of grid to CHF location, inches

HL = Heated length from beginning of heated length to CHF location, inches

CC = 1

] a,c

Based upon an inspection of the low flow/low pressure data from the correlation database, there are four
changes to the ABB-NV correlation form. One change is the addition of a | 1™ € to the
[ ] * € expression to account for the [

1. A second change is required to |

1% °. The third change is the modification of the grid spacing term,

developed in Reference 11 to [ 1™ ¢ The fourth change is the
elimination of the [ 1™ € for matrix subchannels away from a thimble tube.
These changes are discussed below. The | 1€ are

discussed first and then the gcometric term multipliers.

4.2.1 Additional Term for Pressure

Following initial correlation efforts with the ABB-NV form, plots of | 1*
were generated to understand the | ] * . The data were separated to
produce | 1™°¢. It was discovered that the curve
consistently [ ]1* € as shown in Figure 4-1. To best fit the data trend, a [

1™ expression. The empirical fit to the term was a |
1™ The terms within the

[ 1™ of the correlation then becomes:

a, ¢
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4.2.2 Geometry Term Modification

Although both 14x14 and 16x16 data were fit to the ABB-NV correlation without a specific term to
account for the [ . 1*¢, for low pressure data, there was a [
e
This trend is shown in Figure 4-2. To eliminate the trend and to [
1* € above. This term is a [
1™ Following this modification, the trend
was eliminated, Figure 4-3, and the [ ] ® € in the correlation

database were equalized. The terms within the [ ]* € of the correlation then becomes:
a,c

4.2.3 Heated Length Term

Following the development of ABB-NV, Test 18 is included in the database along with multiple tests with
a heated length of 84 inches and two tests with heated length of 150 inches to determine the coefficients
for the | 1™ € for the heated length term. Since the impact could be somewhat different
at low flows and low pressures, new coefficients, B(13) and B(14), are determined from the correlation
database. The heated length multiplier has the form:

[ 1™

where:
HL = Distance from beginning of heated length (BOHL) to axial location of CHF.

Following the application of ABB-NV, the heated length multiplier is constrained to be constant, HL
equals 48 inches, when the heated length is less than 48 inches since there are no CHF data available in

this region.

4.2.4 Grid Spacing Term Modification

An | 1% was used in the ABB-NV to correct CHF for different grid spacing. This
is adequate when the | - 1™ The purpose of this term is to account
for the presence of the grid on CHF. This term results in lower CHF just | |
which produces better agreement with test results. However, as described in Reference 11, test data with
| ] ™€ This is also true for Tests 9, 10 and 33 in
the WLOP database. Test 9 has | ]1*

to the end of heated length (EOHL). Test 10 has multiple spans with | ]*°€ Test 33
has a nominal grid spacing of | :

] ™. From these data, it is concluded that it is more appropriate to use the grid spacing
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term developed in Reference 11 to provide a more robust form to cover |
]1™°. This is similar to the grid spacing term applied in the WRB-2 correlation, Reference 10.

To account for the effect of the | ]™°, a grid spacing term was developed, defined as:

[ 1

where:

Similar to the distance from grid term in ABB-NV and following Reference 11, the |
]1™€ is shown below:

[ ) ]a,c

4.2.5 Heated Hydraulic Diameter of CHF Subchannel Term

For some fuel assembly designs, there can be a difference in performance for the matrix subchannels near
the guide thimble and the guide thimble subchannels. Channel 25 in Figure 2-5 is representative of a
matrix subchannel near the guide thimble, channel 26 is representative of the guide thimble side
subchannel and channel 12 is representative of the guide thimble corner subchannel. Following the

ABB-NV correlation, the heated hydraulic diameter term, or also referred to as the “cold wall” term, is:

[ 1%
where:
Dhm = Heated hydraulic diameter of a matrix subchannel with the same rod diameter and
pitch, inches.
Dh = Heated hydraulic diameter of the subchannel, inches

The range of the test data for the ratio of heated hydraulic diameters is 0.679 — 1.00, so the lower limit for
the ratio is set to 0.679.

4.2.6 Proximity of Matrix Subchannel to Guide Tube Multiplier — Modified Term

An examination of the CHF data for the matrix subchannels from the ABB-NV database indicated an
improvement in performance in the matrix subchannels for tests without the guide tube éomparcd to data
with the guide tube. For the low flow and low pressure conditions, while the same trend is present, the
difference in performance is sufficiently small that there is negligible impact on the correlation standard
deviation when these terms are dropped. Therefore, this set of terms is not included in the WLOP

correlation.
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The terms are then combined to produce the final WLOP correlation form:

. a,c
and:
Few = | 1*¢ Guide tube heated hydraulic diameter factor
FuL = 1*¢ Heated length factor
g
| P | ] Grid Spacing Factor
where:

"q"cary = Critical Heat Flux Based on Uniform Axial Power Shapes, MBtuw/hr-ft

Pr = Pressure, psia

GL = Local Mass Velocity at CHF, MIb/ hr-fi*

XL = Local Coolant Quality at CHF, Decimal Fraction

Dh = Heated Diameter of Subchannel, inches

Dhm = Heated Diameter of Matrix Subchannel, inches

DG = Distance from | ] to CHF Location, inches

GS = Grid Span [ ] *€ of CHF Location, inches
GST = Grid Spacing Term = | 1™

HL = Heated Length From Beginning of Heated Length to CHF Location, Inches

4.3 VIPRE Model

The test data from the Columbia University test facility were evaluated by using the Westinghouse
VIPRE thermal hydraulic code™ in a similar manner used in Reference 3 and in Section 3 of this report
for the ABB-NV correlation. The VIPRE code was used to predict local coolant conditions in each
subchannel for the CHF test sections at multiple axial nodes based on bundle average data measurements.
VIPRE models were prepared for each test section in tlie database based upon the bundle geometry and
the axial and radial power distributions of the test sections, given in Reference 4 or Appendix E. The
VIPRE calculations used the measured values of pressure, inlet temperature, bundle average mass
veldcity and bundle average heat flux, given in Appendix C. The VIPRE turbulent mixing correlation

used for the correlation and validation tests can be input as:

w =1 ]
or
W= 1>e
where:
w’ = Turbulent crosstlow velocity, (Ibm/sec-t)
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a, ¢

The VIPRE turbulent mixing factor for the non-mixing grids in the correlation and validation database are
equivalent to the [ ' 1™ applied in the VIPRE models for the
original ABB-NV original database, Reference 4.

VIPRE channel numbering is illustrated in Figures 2-1 and 2-5 through 2-8. The VIPRE decks are set up
with [ ]1® € nodes. The [ 1€ for the grid
locations. The grid elevations are identified in Reference 4 or Appendix E. Following the development
of the ABB-NV correlation, Reference 4, [ '

1™ Itis noted that the code results for the local conditions are [

]a,c

used in the analysis. A summary table of the [

] * © for each test is provided in Table 4-1. The VIPRE two-phase flow and cross flow
correlations are kept the same as that for Westinghouse PWR applications in Reference 2. The input
specifications for the VIPRE model are summarized in Table 4-2.

4.4 Data Evaluation and Statistics

Following the same basic process used to determine the optimum coefficients for ABB-NV in
Reference 4, the following steps were performed for the optimization of the WLOP CHF correlation
coefficients with the CHF “correlation” database:

1) The data from all the tests in the correlation database are reduced with the VIPRE code to obtain
local mass flow and quality conditions for all subchannels and multiple axial nodes for each test
run. For the matrix tests, the local conditions from the [

] ™ from the VIPRE code. For tests with a simulated guide
thimble, the local conditions from the [ 1™
were selected to determine the coefficient for the heated hydraulic diameter ratio term in the
correlation form. The | 1™ € coefficients for the final correlation form were then determined
from the | 1™ € using a non-linear regression analysis. Since these data
contained [

]a,t

2) The data from the correlation database are then reduced with the correlation coefficients
determined at the [ 1™¢. The data from ali the tests in the correlation database
are | 1™ ¢ with the VIPRE code to obtain local mass flow and quality conditions and
DNBR calculations for all subchannels and multlple axial nodes for each test run. The local
conditions were then | ] ™€ for each
test run. While maintaining the heated hydraulic diameter ratio term fixed, the remaining |

] * ¢ coefficients of the correlation form were optimized using a non-linear regression
analvsis.
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Step 2 was repeated with the WLOP correlation in VIPRE having the coefficients determined in
Step 2. The local conditions were then [

]1®¢. The correlation statistics at the [ ]* € using
the coefficients determined in Step 2. The [ 1™ € coefficients were then re-fit using a
non-linear regression analysis and the correlation statistics were computed using the new
coefficients. Step 3 was repeated until the correlation statistics at the | 1%
were unchanged and then the coefficients determined in Step 3 are considered to be final. It is
noted that the [ - 1™ € coefficients determined from the [ 1™ with
the final form were determined to be the final coefficients.

Following the same process described in Reference 4, a non-linear regression analysis code was also used
to sort and fit the test data. The optimization of the constants was performed on data within the following

parameter ranges:
System Pressure - Pr = 180 to 1800 psia
Local Quality XL 0.750

A

Local Mass Velocity  GL 0.2 to 3.2 Mibny/ hr-ft*

For pressure and flow, the limits were set just outside the data range to ensure all data within the above

ranges were included. The code was also used to |

1™ After the initial runs, the code was also used to separate out outliers,

following the procedure described in Section 5. |

I

The WLOP correlation for low flow and low pressure conditions with the final coefficients for application
with the VIPRE code is shown on the following page. The means and standard deviations of the M/P

CHEF ratios for the correlation database and individual test sections are presented in Table 4-3. As stated

earlier, the statistics for the correlation database are based upon the |

1™ € with the correlation application. The statistical output for the individual test points in the

WLOP correlation database are provided in Appendix D. Further discussion of the statistical evaluation

of the WLOP correlation is given in Section 5.
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Final Correlation Form and Coefficients for WLOP for VIPRE Code

a, b, c

The Departure from Nucleate Boiling Ratio (DNBR) is defined as:

DNBR = q"cur, v / Q"toca * Fe

Nomenclature:

q”curu Critical Heat Flux Based on Uniform Axial Power Shapes, MBtu/hr-ft*

Pr = Pressure, psia

GL = Local Mass Velocity at CHF, Mlb/ hr-ft*

XL = Local Coolant Quality at CHF, Decimal Fraction

Dh = Heated Diameter of Subchannel, inches

Dhm = Heated Diameter of Matrix Subchannel, inches

DG = Distance from | ] € to CHF Location, inches

GS = Grid Span | 1™ of CHF Location, inches

GST = Grid Spacing Term = | 1™

HL = Heated Length From Beginning of Heated Length to CHF Location, inches

A"ocal = Local Heat Flux, MBtu/hr-f*

Fe = F-Factor To Correct " cyruy For Non-uniform Axial Power Shapes, specified in

Section 6 in description of applications ‘

4.5 Validation of Correlation

An independent validation database was generated from data excluded from the database for correlation

development to verify performance of the WLOP correlation, as described in Section 4.1. The geometric

characteristics for these tests are summarized in Table 2-2. The validation database was generated in a

manner similar to the proccss used to gencrate the correlation database | 1

A VIPRE model was prepared for cach validation test section based on the bundle geometry and the axial

and radial power distributions. The VIPRE calculation used the measured values of pressure, inlet

temperature, bundle average mass velocity and bundle average heat flux at CHF, as given in Appendix C.
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The local conditions at the [ 1™°, are used to evaluate the
M/P CHF ratio.

The means and standard deviations for the M/P CHF ratio for the validation database and individual test
sections are presented in Table 4-3, along with the correlation database. The statistical output for the
individual test points in the WLOP validation database is provided in Appendix D. Further discussion of

the statistical evaluation of the WLOP correlation is given in Section 5.
4.6 Demonstration Test Results

Special demonstration tests were run using available data for MV grid designs to demonstrate that the
WLOP correlation is applicable or conservative for application with mixing vane grid designs. In
general, MV grids have shown substantial performance gains when compared to non-mixing vane grids,
especially at small grid spacing, Reference 4. Also, as identified in Reference 11, mixing vane grids have |
demonstrated a [ '

1™, as for WLOP. A summary
description of the Mixing Vane CHF tests supporting the application of the WLOP correlation to mixing
vane grid designs is provided in Table 4-4. It is noted that many of these tests are the same tests used to
develop and support previous correlations, such as the ABB-X2, WRB-1, WRB-2 and WRB-2M
correlations, References 9 through 12.

VIPRE models were prepared for each test section in the database based upon the bundle geometry and
the axial and radial power distributions, References 9, 11 and 12. The |

1% An|
1™ € to be consistent with the development of the WLOP correlation. The local
conditions at the | 1% ¥, are used to evaluate the M/P CHF

ratio,

The results, given in Table 4-5, confirm that WLOP predictions are conservative when applied to the MV
grid data. It is noted that there is fairly large scatter due to the [
1*¢. Plots of the WLOP correlation M/P versus
pressure and flow, Figures 4-4 and 4-5 indicate that WLOP M/P values |
1™°¢ Since the data with |
1™ ¢, the data from Test 96 are not shown in

Figures 4-4 and 4-5. Thus, the mixing vane data for a |
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Table 4-1
1™ Loss Coefficients Input to VIPRE

]a,c

a,b,c
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Tabled-2
VIPRE Model Input Specifications for WLOP Tests

Supplementary DNBRS output file selected: IDNBRS set to 2 or 3 in CONT.6

Single phase friction factor f= [ 1>
Two-phase flow Friction multiplier: [ 1*€
Two Phase Flow: | ' 1€
Radial nodes: Figures 2-1, 2-5 through 2-8
Loss coefficient used: See Table 4-1
The crossflow resistance factor, | | i

[ 1
The turbulent momentum factor: [ ]*™°
The traverse momentum parameter [ 1>
The axial flow convergence for external iteration, FERROR set to | | R
Turbulent Mixing: | '

- ] ab,c

For Demonstration Tests [ 1%

This applies to both single and two-phase conditions
Uniform mass velocity was used as the inlet flow option ,
[ _ V ] ** for non-uniform tests
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CHF Test Statistics for WLOP Correlation/Validation Database with VIPRE Code

Heated Grid
Length Spacing
~in. ~in.

Test Bundle Rod Diam. Red Pitch:
No. Array ~in. ~in.

Guide  Axial N W;l‘/(])f <
Thimble Shape I

Correlation Data

Notes:
N - Number of Data Points .
n - Mean of Measured over WLOP Predicted CHF, M/P
S - Standard Deviation of M/P
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Table 4-4
Geometric Characteristics of the WLOP Mixing Vane Demonstration Tests

Rod Rod Heated Grid . GT . Radial  Shroud Minimum Minimum
IT:OSt l;lm(;le Diam. Pitch Length  Spacing T(;;::l (:;e Diam. g::al Split  Clearance Pressure Flow
- AT . ~in. ~in ~in. ~in. P¢  Cold/Hot  ~in. ~psi  ~Mib/hr-ft?
Demonstration Data
a,b,c
— ' . —

Grid Spacing xxE/yy indicates nominal grid spacing of yy inches with xx inches between last grid and
End of Heated Length, EOHL. .
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CHF Test Statistics for WLOP Correlation in VIPRE Code for Mixing Vane Tests

Test
No.

Rod
Diam.
~in.

Rod
Pitch
~in.

Heated Grid

Dhm
~in

~in.

Length Spacing

~in

Axial
Shape

Guide
Thimble

WLOP

Mean, p
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Figure 4-1
Measured CHF Versus Pressure

a,b,c
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Figure 4-2
Trend of Initial M/P with Flow

a,b,c
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Figure 4-3
Trend of M/P with Flow

Based on Final Correlation Form

a,b,c
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Figure 4-4
Trend of M/P with Pressure for Demonstration Mixing Vane Data

a, b, c
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Figure 4-5

Trend of M/P with Flow for Demonstration Mixing Vane Data

a, b, c

-
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- 5.0 Statistical Evaluation

The mean and standard deviation for the ratio of measured to ABB-NV predicted CHF with the VIPRE
code are given in Table 3-2 for the original and Westinghouse PWR supplemental qualification database.
To determine the one-sided 95/95 DNBR limit applicable to the application of the ABB-NV correlation to
the NV grid region of Westinghouse PWR fuel designs, a statistical evaluation is performed with the
ABB-NV correlation on the original and qualification databases to determine poolability. Statistical
evaluations are then performed on |- ] * ¢, following Reference 4, to determine the
one-sided 95/95 DNBR limit for the application of the ABB-NV correlation for Westinghouse PWR fuel
designs. The statistical tests applied are the same tests applied in Reference 4 for the ABB-NV
correlation. It is noted that no points in the Westinghouse PWR qualification database were eliminated as
outliers per the procedure given in Chapter 17 of Reference 12, a rigorous outlier test applied in
Reference 4. Tests for normality at the 95% confidence level were performed on the above data sets to
determine the proper statistical methods to be used for the data. The W and D’ tests™ were used to
evaluate normality of each test in the supplemental database | ' 1™
Normality tests for the original database are documented in Reference 4. The W test is applied to tests
with less than 50 test points and the 1D’ test is applied to all other test groups.

For the modified ABB-NV correlation for low flow and low pressure conditions, WLOP, the mean and
standard deviation for the ratio of measured to WLOP predicted CHF are shown in Table 4-3 for the
correlation and validation databases and the individual test sections. Following the procedure used in
Reference 4, a statistical evaluation is performed with the WLOP correlation for |
1 ™° the correlation database, the validation database and a combined correlation and
validation database to determine the applicable one-sided 95/95 DNBR limit. Based upon the results of
the outlier test, described in 5.1.1, [
] ® ¢ were eliminated as outliers per the procedure given in Chapter 17 of
Reference 12. These points had measured to predicted CHF ratios, M/P, |
}1*¢ Tests for normality at the
95% confidence level were performed on the above data sets to determine the proper statistical methods
to be used for the data. Since some individual tests had less than 50 points, the W and D’ tests,

Reference 13, were used to evaluate normality.

Statistical tests were then performed to determine if all or selected data groups belong to the same
population, in order to be combined for the evaluation of the 95/95 DNBR tolerance limit for the
ABB-NV correlation for Westinghouse PWR application and the WLOP for both CE-PWR and
Westinghouse PWR application. For normally distributed groups, homogeneity of variance was
examined using Bartlett's test, Reference 14. Homogeneity of the means was then examined with the
t-test or general F-test. The (-test with equal variances, Reference 15, was applied for testing the equality
of means of two groups that passed both the normality tests and the homogeneity of variance test. The
t-test with unequal variances, Reference 16, was applied for testing the equality of means of two groups
that passed the normality tests but failed the homogeneity of variance test. The ANOVA F-test was

applied to multiple groups that passed the normality tests. For groups that did not pass the normality test,
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the Wilcoxon-Mann-Whitney test or the Kruskal-Wallis One-Way Analysis of Variance by Ranks. test,
References 15 and 20, is used to test the null hypotheses that the medians, or averages, of the tests or
groups are the same. The Wilcoxoh—Mann-Whitney test was applied for testing whether two groups could
have been drawn from the same population and the Kruskal-Wallis One-Way Analysis of Variance by
Ranks test was applied to multiple groups. Since the groups that failed the D’ normality test passed other
normality tests, such as the Kolmogorov-Smimov test, the Bartlett and F-tests were initially applied to
check for poolability of these groups. Data that did not pass any of these tests were not combined.

Since it is proper to utilize all data in the evaluation of the correlation, as was done in Reference 4, the
one-sided 95/95 DNBR tolerance limit is calculated for a combined ABB-NV original database and the
ABB-NV supplemental qualification database for Westinghouse PWR fuel designs, if the data are
poolable, or for the | 1™ € if not all of the tests are poolable. The same approach is
applied to the WLOP correlation and validation databases. For normally distributed groups, Owen’s
one-sided tolerance limit factor® is used to compute the 95/95 DNBR limit. For groups that are not
ﬁomwlly distributed, a distribution-free or non-parametric limit, from Chapter 2 of Reference 12, is
established. To cover all regions with the 95/95 limit, the most conservative limit for §

1™¢1s applied to the entire set of data.

Scatter plots were then generated for each of the variables in each correlation to examine the correlation
for trends or regions of non-conservatism. The measured to correlation predicted CHF ratio is plotted as a
function of pressure, local mass velocity, local quality, heated hydraulic diameter ratio, | 1®° the
matrix hydraulic diameter, the heated length form BOHL to location of CHF and the grid spacing term.
For the extension of ABB-NV to Westinghouse PWR fuel designs, the qualification data were plotted
separately from the original data, although data could be pooled, for information. The DNBR limit is also
shown on these plots to show the number of test points that fall below the limit and the location of those
points. The total number of test points that fall below the limit is also identified.

S. Statistical Tests

1
1.1 Treatment of Outliers

h

Each database is examined for outliers by the following method:

The probability of rejecting an observation when all data belong to the same group, o, was selected to be
0.05. The term o = 1 - ( 1-o)'™ is computed. The value of (1 - «’/2) is the normal cumulative
distribution value, P, and the value of 7, is calculated or taken from cumulative normal distribution

tables. For a mean value of m, the values of a and b are computed where:

a=m-0* z ,n

b=m+0%* z1.4n
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Any observation that does not lie in the interval a to b is rejected. The method does assume a normal
distribution and the values of |1, mean of the data, and s, standard deviation of the data, are reasonable
estimates of m and o. Therefore, care must be taken to ensure.the elimination of outliers is justifiable.
Based upon this evaluation, no points in the Westinghouse PWR qualification database in Section 3 were
eliminated for the ABB-NV correlation extension. Based upon this evaluation, [
1™ € in Section 4 were eliminated. |
] ™ had measured to predicted CHF ratios, M/P, |

] a. ¢
5.1.2  Normality Tests

The W and D’ tests, Reference 13, were used to evaluate the assumption of a normal distribution. For
individual tests with less than 50 test points, the W test is applied. The test statistic W is computed as:

W = b/S*
where:
n .
=3 (-9
i=1
k .
b= Z a0 (X, 0 — X)) X, in ascending order
i=1

a; from Table 1, Reference 13
k=n/2ifniseven and k = (n-1)/2 if n is odd

The value of W 1s compared with percentage points of the distribution of W for P set to 0.05 from Table 2
of Reference 13. Small values of W indicate non-normality. For combined tests or individual tests with-

n = 50, the D’ normality test is applied. The test statistic D’ is computed as:

D =T/8S
where:
n
S — Z(x[- _ E)Z 0.5
i=1
n
T= Z {i ~(n+1)/ 2}3(, x, in ascending order

i=1

The calculated value of D’ is compared with the pcrcehtage points values of the distribution of D’ from
Reference 13. The D’ test indicates non-normality if the calculated value of D’ falls outside of the range
established from Reference 13 for P set to 0.025 and 0.975. These tests were selected since they are

considered to be more rigorous compared to other normality tests such as the Kolmogorov-Smirnov test.
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Furthermore, the D’ and W tests are the ANSI standard tests that have been used in previous data analyses
reviewed and approved by the NRC.

5.1.3  Statistical Tests for Comparison of Data Groups

Statistical tests were performed to determine whether data groups could be considered to come from one
population. The Bartlett test for homogeneity of variances and the t-test, for 2 groups, or the F-test, for
multiple groups are applied to determine if data groups can be combined. If the data groups fail the
normality test or the homogencity of variances test, the Mann-Whitney Rank Sum test or the
Kruskal-Wallis One-Way Analysis of Variance by Ranks test is used to check the null hypotheses that the
medians, or averages, of the tests or groups are the same. For the groups that paés the equality of means
tests or the non-parametric tests for the null hypothesis that the samples are from the same population, the
normality tests are applied to the combined groups to check the assumption of normality. If the combined
group passes the normality test, Owen’s one-sided tolerance limit factor™ is used to compute the 95/95
DNBR limit. If the combined group fails the normality test, a distribution-frec one-sided 95/95 limit is
determined, Chapter 2 of Reference 12. A brief description of the comparison tests is given below:

5.1.3.1 Homogeneity of Variances

One of the most used tests for examining the homogenetty of a set of variances is Bartlett's test®?.
Bartlett showed that for a set of variances estimated from K independent samples from normal
distributions having a common variance o°, a quantity M/C would have a distribution satisfactorily

approximated by the y distribution. Specifically:

K
M=NIn {N'l > v, 5! }—Z v, Ins}
t=1

t=1

£ 1
=ty 1){21‘_— }

Is an estimate of variance for test section t based on degrees of freedom vy,

where:
2

S

K is the number of test sections,

K
N = Z v,
t=1

and the quantity M/C is distributed approximately as y* with K-1 degrees of freedom.

Page 58 of 118



WCAP-15306-NP-A, Addendum 2-NP-A
5.1.3.2 . Test for Equality of Means for Two Data Groups - Unpaired t-Test

When data from two groups passed the test for homogeneity of variances, the t-Test was employed to test

the hypothesis that 1, - p, = 0.0 or that 1, = p,, where i, is the mean from data group 1 and p, is the mean
from data group 2. The test statistic t is calculated with the expression:

f= M"/lz

i So(%ﬁ %2)0 ’
i(xu _/‘1)2 +;Z=2;(xzj _l“'z)z

=1 . .
st =4 is a “pooled” estimate
nl+n2-2

where:

The computed value bf t is compared with the value ty; a14n2-2 in a table of percentiles of the t distribution
for a set to 0.05. The hypothesis that 11, = 11, is rejected, if the computed value of t is larger then the value

of to/2, nt+nz-2-

When data from two groups passed the test for normality, but not the test for homogeneity of variances, a
t-Test with unequal variances described below was employed to test the hypothesis that 1, - 1, = 0.0 or

that 1, = p, where w, is the mean from data group 1 and U, is the mean from data group 2. From
Reference 16, the test statistic t is calculated with the expression: '

_ i
5'2/ S2/ 0.5
[ ' ml 2 n2
where:
S - Variance of sample i
ni - Number of Data, sample i .
5.1.3.3 Test for Equality of Means for Multiple Data Groups — Analysis of Variance, F-Test

An analysis of variance test was performed to test the equality of means and determine whether the data
from multiple tests or groups could be pooled. One of the usual techniques for examining the equality of
means determined in an experimental study is a particular form of the F-test. In this technique, two mean
squares are found, call them S;, the between test section mean square and S,, the within test section mean
square. If K i1s the number of test sections, n, the number of data for test section t and n is the total

number of data,

K —
> (£~}
t=1

5‘ —

- , and
K-1

Page 59 of 118



WCAP-15306-NP-A, Addendum 2-NP-A

530 -y)

t i=1
S, =
n—-kK

In these expressions Xy is an individual datum for test section t, X, ; is the mean value of X for test

section t and X is the grand mean for all data. Under the hypotheses of normality, homogeneity of
variance and equality of means, S, and S; are independent estimates of the variance, ¢, due to random

deviation from the true grand mean. Therefore the ratio:

F = S, /S, should follow the F distribution with degrees of freedom,
v; = K-1 and v, = n-K.

The calculated value of F is compared with the value of F; ,(v,, v, ) for a set to 0.05. Should the test
section means not be equal, S, will contain additional components of variance. Therefore, large values of

F require the rejection of the hypothesis of equality among the means of the tests or groups.
5.1.3.4 Distribution Free Comparison of Average Performance

For combinations that have one or both tests fail the normality test, the Wilcoxon-Mann-Whitney
Test"®” is used to compare two groups. To apply this test when one of the samples has n > 10, all
groups considered, the data are combined. The number of points in the smaller sample is m; the number
from the larger group is n. The M/P CHF values from the two groups are ranked from 1 to m+n = N with
tied ranks being assigned the average. The value of T is computed by summing the ranks in the smaller

group. The value of z is then computed with the expression:

T+0.5-m*(N+1)/2
[mxn*(N+1)/12)°

Z =

The significance of z is assessed from cumulative normal distribution table. The value of z must fall
between -1.645 to +1.645 for the two groups to pass the null hypotheses that the groups are drawn from
the same population for P equal 0.950 for the left and right tails of the distribution.

For comparison of tests or multiple groups that failed the Bartlett test for equal variance or the D’ test for

207 s used. The level of

normality, the Kruskal-Wallis One-Way Analysis of Variance by Ranks test
significance of the test, o, is selected to be 0.05. The y;., value for K-1 = degrees of freedom is taken
from a table of the percentiles of the % distribution. The data from all tests or groups are ranked from

lowest to highest. The H statistic 1s then calculated with the equation:

12 £ R?
=—" 3N —
1\.7(N+1)*,.:1 n, +(W-1)
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where R; is the sum of the ranks for the ith test, n; is the number of points in test i and N is the total

number of points. If H > %%, one rejects the hypothesis that the averages are the same.
5.1.4 One-sided 95/95 DNBR Limit

All data from the correlation and validation databases could be considered in the establishment of the
one-sided 95/95 DNBR tolerance limit if the data can be pooled. Therefore, the comparison tests are
performed on the combined data sets prior to the determination of the 95/95 DNBR limit. If not all of the
data passed the analysis of variance tests, the data were grouped into | '

1™ € and the 95/95 DNBR limit was established for the different groups of pooled data. The computed
95/95 DNBR limit for the class of data provides 95% probability at the 95% confidence level that a rod in
that class having that DNBR will not experience CHF. The most conservative limit determined for any
group of data examined is then applied to the entire correlation data set. For normally distributed groups,

49 is used to compute the 95/95 DNBR limit. For groups that are

Owen'’s one-sided tolerance limit factor
not normally distributed, a distribution-free or non-parametric limit, from Chapter 2 of Reference 12, is

established.
5.1.4.1 Normally Distributed 95/95 DNBR Limit

The mean and standard deviation of the ratio of measured to predicted CHF are computed for each data
group or class of data that pass the comparison tests and D’ normality test. This group can include all data
from the correlation database and validation database or a subsct of that data. A 95/95 DNBR limit is
evaluated for each group based on the following formulas:

-
DNBR = =g
95/95 Y &S
_ 2.706 ) FE
1.645 + 1.645[1-(1 - Je(i - =) ]z
K = 2(n-1) n
2.706
2(n-1)
where:
X = mean of ratio of measured to predicted CHF
S = standard deviation of measured to-predicted CHF
K = 95/95 confidence multiplier (Expression given in Reference 18, practically equivalent to
Owen's tables in Reference 21)
n = number of data points
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5.1.4.2 Distribution Free 95/95 Limit

For data groups that do not pass the D’ normality test, a distribution free one-sided 95/95 limit is
established. Table A-31 of Reference 12 gives the largest value of m such that one can assert with 95%
confidence that 95% of the population lies above the m™ smallest value of X; where X; is an individual

test run value of the ratio of measured to correlation predicted CHF in the non-normally distributed group.

As stated earlier, if all of the data in the combined correlation and validation database could not be
pooled, the most conservative 95/95 limit for any subset of that data is the specified limit for the
correlation. As a check on the limit, the total number and percentage of test points that fall below the
specified limit are also identified. In addition, the limit computed for the entire database is computed
using the total variance approach applied in References 10 and 11. Also, the limit for the entire database
is computed using the distribution free method if the entire database is not normally distributed.

5.1.5 Graphical Verification

After the determination of the 95/95 DNBR limit for the correlation, scatter plots are then generated for
each of the variables in the correlation to examine the correlation for trends or regions of
non-conservatism. The measured to correlation predicted CHF ratio is plotted as a function of pressure,
local mass velocity, local quality, heated hydraulic diameter ratio, | ] * ¢, the matrix hydraulic
diameter, the heated length form BOHL to location of CHF and the grid spacing term. The DNBR limit
is also shown on these plots to show the number of test points that fall below the limit and the location of
those points. The total number of test points that fall below the limit is also identified.

52 ABB-NV Correlation Statistical Evaluation and 95/95 DNBR Limit for Westinghouse PWR
Application

The D’ normality tests and comparison tests were performed to determine if the ABB-NV original data
and qualification data were random samples from one or more populations and whether the data from
individual tests and the combination of tests were normally distributed. As stated in Section 5.0,
parametric comparison tests were performed to determine if data from the different test sections were
poolable, then normality tests were performed on the pooled data. If the pooled data failed the normality
test, non-parametric tests were performed to check the hypothesis that the averages for the pooled tests

are the same. The data were examined in the following order:

1) [

1™ €. The mean and standard deviation for the ratio of measured to
ABB-NV predicted CHF are shown in Table 3-2 for the original database and the qualification
database. The original database has 718 points and the qualification database has 147 points or
17% of the total points within the range of applicability. The original database did not pass the D’
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normality test, so the Wilcoxon-Mann-Whitney test was applied for testing the poolability of the
two groups. It is noted that the qualification database did pass the D’ normality test. [

"1™ The results from the tests are summarized in Table 5.2-1. Although the |
]-a,c
are also given in Table 5.2-1. Based on these comparisons, the qualification database for the
17x17 designs can be pooled with the original database for the 14x14 and 16x16 fuel designs to
determine the 95/95 DNBR limit.

Since no bias is observed between the original database and qualification database due to bundle
array geomeiry, a multiple data analysis was performed on all of the test section data following
Reference 4, | ] * ¢ The results of the parametric
comparison tests are given in Table 5.2-2. Based upon these results, it is concluded that |

]1* ¢. Following Reference 4,

1®¢, are identified below:

Subset Tests Included No. Points Mean Std. Dev.

As stated in Reference 4, since |

]®€ are given in Table 5.2-3.

The W and D’ normality tests were then applied to the data from each test section and each set of
data, as shown in Table 5.2-4. The data for the original database are taken from Reference 3.

The one-sided 95/95 DNBR tolerance limit for the limiting subsets 1s provided in Table 5.2-5.
Based upon the data presented in this table, |

1™, the DNBR limit
[ 1™%is 1.1325. [ ,
]1™°, using the Owen’s one-sided tolerance factor.

Based on this evaluation, it is concluded that the DNBR limit of 1.13 is applicable for the entire database.
A plot of the measured CHF versus the ABB-NV predicted CHF for all the test data is given in
Figure 5.2-1, along with the DNBR limit curve. The DNBR limit of 1.13 is equivalent to a value of 0.885
for the M/P CHF ratio. It is noted that for the entire database, twenty-six test points, or 2.6% of the data
fall below the M/Pys,s limit of 0.885. |

] a.c.
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The data are then examined graphically in order to check for any deviation as a function of the correlation
variables. The plots of the M/P CHF ratio as a function of pressure, local mass velocity, local quality,
heated hydraulic diameter ratio, matrix heated hydraulic diameter, Dhm, heated length from BOHL to
location of CHEF, HL, and distance from bottom of adjacent upstream grid, DG, are shown in Figures 5.2-2
through 5.2-8. The DNBR limit is also shown on these plots to show the number of test points that fall
below the limit and the location of those points. For information, the original data and qualification data
are identified in the plots even though the data were combined in the determination of the one-sided

DNBR limit. There are no significant observed adverse trends on any of the plots.

It is also noted that for the Westinghouse PWR geométry, the non-mixing vane region is well below the
minimum heated length of 48 inches. Therefore, there is conservatism in the application of the ABB-NV
correlation to this region. In addition, the test with a bottom peak non-uniform shape, Test 60, [

1. Based upon the results and the identified conservatism’s, it is
felt that the 95/95 DNBR limit of 1.13 is conservative to this region for Westinghouse PWR fuel designs.
The parameter ranges for the combined database with the ABB-NV_correlation are given in Table 5.2-6.
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Table 5.2-1
ABB-NYV Original and Qualification Database Com parison Tests

Bartlett Test Results- ABB-NV Data

Database N Mean s K M C M/C
Wilcoxon-Mann-W hitney Rank Sum Test Results - ABB-NV Data
Database N Median I - m n z Zoss
t-Test Results with Unequal Variances - ABB-NV Data
Database N Mean s pl - p2 S t Lo7s
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Table 5.2-2
Statistical Comparison Tests
Combined ABB-NV Original and Qualification Database

Test Rod Rod Heated Grid ABB-NV

Bundle . . A Guide Axial
No. Array Dlzinm. Plfch Lel}gth Spafmg Tube Shape N M/P S
~in. ~in.  ~in ~in. n

a,b,c

Bartlett Test Results - ABB-NV Data Individual Tests

» s 2 Pass
Database N Mean, p s K M C M/C L o Test
ALL 865 1.0115 00671 16 56.984 1.0071 56.584 25 No

Kruskal Wallis Variance By Ranks Test Results - ABB-NV Data Individual Tests

y ! - Pass
Database N Mean, pn $ K H £ os Test
ALL 865 10115 0.0671 16 19529 25.000 No
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Table 5.2-3
Com parison Tests for Pooled Subsets
Combined ABB-NV Original and Qualification Database

Bartlett Test Results - ABB-NV Combined Original and Qualification Data

Database N Mean, p $ K M C M/C Cos

N F-Test Results— ABB-NV Data

Database S, ] S, /S, Pass

m n; S, F os(my, 1) Test

i
H
‘ } Kruskal- Wallis Variance By Ranks Test Results - | |
g Database Pass
!
: K H Yos Test
|
]
!
L .
' : [ ] ,

[ ] a,c
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D’ Normality Tests — ABB-NV Original and Qualification Data
Combined ABB-NV Original and Qualification Database

D’ Normality Tests — ABB-NV Data Original and Qualification Database

Dv

Data Mean Calculated

Iz

D' D' Pass
P=.025 P=975 Test

[ 1™

*  QOriginal VIPRE Data taken from Reference 3
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Table 5.2-5
Determination of 95/95 DNBR Limit for Pooled Data
Combined ABB-NV Original and Qualification Database

Calculation of DNBRys Limit Calculation for Parametric Data

Database Mean. p ) n K DNBRys
. a’ b’ c

Calculation of DNBRys Limit Calculation for Non-parametric Data .
M/P = 1/Value =

Database Y P n m Value DNBRys
’ a,b,c
|
Ranking of Data [ 1%®c
% ’ a, b, ¢
i
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Table 5.2-6
Parameter Range for Extension of ABB-NV Correlation
Combined ABB-NV Original and Qualification Database

Parameter Minimum Maximum
Pressure (psia) ' 1740 2415
Local Coolant Quality -0.16 0.22
Local Mass velocity (Mlbm/hr-ft?) 0.84 312
Heated Hydraulic Diémeter Ratio, [ 1% 0.679 1.08
Heated Length, HL (inches) 48 1504
Distance From Grid, DG (inches) 7.3 22
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Measured versus VIPRE/ABB-NV Predicted Critical Heat Fluxes
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Ratio of Measured and Predicted CHF, M/P
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Figure5.2-2

Plot of VIPRE/ABB-NV M/P CHF Ratio versus Pressure
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Figure 5.2-3

Plot of VIPRE/ABB-NV M/P CHF Ratio versus Local Mass Velocity
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FigureS5.24
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Plot of VIPRE/ABB-NV M/P CHF Ratio versus Local Quality
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Figure5.2-6

Plot of VIPRE/ABB-NV M/P CHF Ratio versus Matrix Heated Hydraulic Diameter, Dhm
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Figure 5.2-7
Plot of VIPRE/ABB-NV M/P CHF Ratio versus Heated Length, HL.
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Figure 5.2-8
Plot of VIPRE/ABB-NV M/P CHF Ratio versus Distance from Grid, DG
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5.3 WLOP Correlation Statistical Evaluation and 95/95 DNBR Limit

Following the methods applied to the ABB-NV correlation in Reference 4, W and D’ normality tests and
comparison tests were performed to determine if the WLOP correlation and validation data were random
samples from one or more populations and whether the data from individual tests and the combination of

tests were normally distributed. As stated in Section 5.0, parametric comparison tests were performed to

“determine if data from the different test sections were poolable, then normality tests were performed on

the pooled data. If the pooled data failed the normality test, non-parametric tests were performed to check
the hypothesis that the averages for the pooled tests are the same. The data were examined in the

following order:
1) [

. ]1™¢. The
mean and standard deviation for the ratio of measured to WLOP predicted CHF are shown in
Table 4-3 for the correlation database and the validation database. The correlation database has
441 points and the validation database has 167 points or 27.5% of the total points within the range
of applicability. The Bartlett test and t-Test was applied to the data in the correlation database
and validation database to verify that these data came from the same population(s). The results
from the tests are summarized in Table 5.3-1. Since the [ ] *°€ the
D’ normality -test, Table 5.3-4, the results of the non-parametric analysis are also given in
Table 5.3-1. :

2) The second comparison made on the data was performed to examine if there is a bias in the
correlation for [ ] ® €. The comparison is made with the data from the correlation
database | : ] * €. These results of the comparison
tests are summarized in Table 5.3-1. Since the [ ] ®° the
D’ normality test, Table 5.3-4, the results of the non-parametric analysis are also given in
Table 5.3-1.

3) Since no bias is observed between the correlation database and verification database or due to
bundle array geometry, a multiple data analysis was performed on all of the test section data. The
results of the parametric comparison tests are given in Table 5.3-2. Based upon these results, it is
concluded that not all test sections have the same variance or mean. This is not a surprising result
for a large, 18 test sections, and diverse database with tests that have a small standard deviation.
Following Reference 4, |

ar¢ identified below:
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It is noted that the mean M/P CHF ratio |

1 € are given in Table 5.3-3. Although the

tests |
] ®¢, so the data are combined.

The W and D’ normality tests were then applied to the data from cach test section and each set of
data, as shown in Table 5.3-4. In general, even for the groups that failed the normality tests, the
distribution was close to normal, since many passed the Kolmogorov-Smimov test. This is
[

] ® % Examination of the probability plot of the data compared to the line
representing the area of the Gaussian distribution indicates variation at the minimum and
maximum values of the M/P CHF ratio. Based on examination of these plots, the DNBR 95/95
limit is computed based on a normal distribution and a distribution free limit and the most
conservative limit is selected.

The one-sided 95/95 DNBR tolerance limit for [ ] * € is provided in Table 5.3-5.
Based upon the data presented in this table, | o
] * ¢ the DNBR limit [
1™ “is 1.17 and based upon the parametric technique, the limit is 1.18 using the Owen’s
one-sided tolerance factor®. Based upon the [ ] *¢, the DNBR limit
I ] *©is 1.181 and based upon the parametric technique, the limit is 1.168 using the
Owen’s one-sided tolerance factor. Based upon these evaluations, the DNBR limit of 1.18 is
applicable for the entire database. A plot of the measured CHF versus the WLOP predicted CHF
for all.the test data is given in Figure 5.3-1, along with the DNBR limit curve. The DNBR limit
of 1.18 is equivalent to a value of 0.8475 for the M/P CHF ratio. It is noted that for the entire
database, twenty test points, or 3.3% of the data fall below the M/Pys s limit of 0.8475. In

[
] *° fall below the limit.

The data are then examined graphically in order to check for any deviation as a function of the correlation

variables. The plots of the M/P CHF ratio as a function of pressure, local mass velocity, local quality,

heated hydraulic diameter ratio, matrix heated hydraulic diameter, the heated length from BOHL to

location of CHF, HL. and the grid spacing term, GST are shown in Figures 5.3-2 through 5.3-8.  The

DNBR limit is also shown on these plots to show the number of test points that fail below the limit and

the location of those points.

Based upon the results of the statistical tests applied to the WLOP database and the scatter plot analysis,
the one-sided 95/95 DNBR limit is determined to be 1.18. The parameter ranges for the WLOP database,

including the MV grid database, are given in Table 5.3-6.
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Table 5.3-1
Comparison Tests
WLOP Correlation and Validation Database
Fuel Bundle Array for Correlation Data

Bartlett Test Results - WLOP Data

Database
N Mean s K M c M/IC  Pos l;‘::f
i a, b, c
_ab,c
t-Test Results -unequal variances - WLOP Data
Database .
]! Mean s ml—m2 ! t975 713 . ?["Z;Ss:
_a,b,c
- a, b, c
Wilcoxon-Mann-Whitney Rank Sum Test Results - WLOP
Database
N °  Median m n T 4 Zcrit ?;s;
_a,bc
- a, b, c
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Parametric Comparison Tests
Combined Correlation and Validation WLOP VIPRE Database
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Test Bundle Rod Rod Heated Grid Guide Axial WLOP
No. Array Dlﬁ'lm. Plfch ~ Lel}gth Spafmg Thimble Shape N M/P s
~in. in. ~ in. ~in. I
All 608 1.0009 0.0889
Bartlett Test Results - WLOP Data
Pass
Database N Mean s K M (o M/C Lss Test
ALL 608 1.0009 0.0889 18 74.04 1.0145 7298 27.585 No
F-Test Results - WLOP Data
Pass
Database K N S, S- S1/8, F os(m1y, 1) Test
ALL 18 608 0.0200 0.00756 2.6451 1.64 No
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Table 5.3-3
Comparison Tests for Pooled Subsets
WLOP VIPRE Database

Bartlett Test Results - WLOP Data

Mean, p S K M C M/C Los

F-Test Results —WLOP Data

Pass
N S; S, $:/8, F o5(n, o) Test
Kruskal- Wallis Variance By Ranks Test Results — [ |
2 Pass
H L os Test
] a, c
] a, ¢
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Table 5.3-4
W and D’ Normality Tests
WLOP VIPRE Database
D’ D D’ Pass
Data N Mean  Calculated P=.025  P=.975 Test
a, b, ¢
. w W Pass
Data - N Mean Calculated P=.05 - Test
a, b, c
] a,c
J ac
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Table 5.3-5
Determination of DNBRys Limit for Pooled Data
WLOP VIPRE Database

Calculation of DNBRys Limit Calculation for Parametric Data

Database Mean S N K DNBRys

Calculation of DNBRys Limit Calculation for Non-parametric Data

Database ¥ P n M Value

Partial Ranking of Data from [ 1>
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Table 5.3-6
Parameter Ranges for the WLOP VIPRE Correlation Database

Parameter Minimum Maximum
Pressure (psia) 185 1800
Local Coolant Quality -0.04 0.75
Local Mass velocity Mib/hr-fi%) 0.23 3.07
Matrix Heated Hydraulic Diam etef, Dhm (inches) 0.4635 0.5334
Heated Hydraulic Diameter Ratio, [ 1> 0.680 ~1.00
Heated Length, HL (inches) 48% 168
Grid Spacing ietm, [ ‘ I 27 95

*Note: 48 inches is set as minimum HL value in the application of the correlation,
applied at all elevations below 48 inches
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Figure 5.3-1
Measured and Predicted Critical Heat Fluxes
WLOP Correlation
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Figure 5.3-2
Plot of M/P CHF Ratio versus Pressure
WLOP Correlation
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Figure 5.3-3

Plot of M/P CHF Ratio versus Local Mass Velocity

WLOP Correlation
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Figure 5.3-4
Plot of M/P CHF Ratio versus Local Quality
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Plot of M/P CHF Ratio versus Heated Hydraulic Diameter Ratio
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Figure 5.3-5
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Figure 5.3-6
Plot of M/P CHF Ratio versus Matrix Heated Hydraulic Diameter, Dhm
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Figure 3.3-7
Plot of M/P CHF Ratio versus Heated Length, HL,
WLOP Correlation
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Figure 5.3-8
Plot of M/P CHF Ratio versus Grid Spacing Term, GST
WLOP Correlation
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6.0 Correlation Applications

The intended applications of ABB-NV and WLOP for Westinghouse PWR are similar to current
applications of the W-3 DNB correlation®™. The intended application of WLOP for CE-PWR is similar to
the current application of the MacBeth DNB correlation®®. Westinghouse intends to use the ABB-NV
correlation and the WLOP correlation for evaluating margin to the CHF or DNB acceptance criterion
defined in the Standard Review Plan (SRP) at the core conditions that the primary DNB correlation is not
applicable. SRP Section 4.4%Y states that the DNB acceptance criterion provides assurance that there be
at least a 95% probability at a 95% confidence level that the hot fuel rod in the core does not experience a
DNB during normal operation or anticipated operational occurrence. The acceptance criterion is met in
thermal-hydraulic design when the minimum DNBR of the hot rod in the hot channel is above the 95/95

"DNBR limit of the correlation. The correlations will be used only with a computer code that has been

gither used for the correlation development or qualified with its 95/95 DNBR limit. Technology transfer
of the ABB-NV and WLOP correlation(s) will follow through a process that meets the requirements

specified in Generic Letter (GL) 83.11 Supplement 192, «

Qualification for Performing Safety Analyses.”
ABB-NV and WLOP applications will be similar to the W-3 correlation® used as a supplement to the
primary DNB correlation for PWR fuel designs. Each correlation application is further discussed below.

6.1 ABB-NYV Correlation Appliéation to Westinghouse PWR

The ABB-NV DNB correlation with the current 95/95 DNBR limit of 1.13 and the VIPRE code will be
applied to the heated length of the Westinghouse PWR fuel designs below the first mixing vane grid. The
W-3 DNB correlation” is currently used for predicting DNBR margin in that region associated with
severely bottom skewed axial power shapes simulated under the control rod withdrawal from subcritical
accident for some Westinghouse PWR plants. 'W-3 is also used for confirming DNBR margin in that
region with severely bottom skewed axial shapes from simulated accident conditions that are protected by
the Thermal Over-Temperature AT (OTAT) reactor trip ® setpoints of Westinghouse NSSS PWRs, in
conjunction with a revised axial offset (AO) control strategy that allows more flexible plant operation.
Simtlar to the current W-3 application, ABB-NV will be applied to all Westinghouse PWR fuel designs,
including the 14x14 fuel products with rod outside diameters (ODs) of 0.400 or 0.422 inches, the 15x15
fuel products with rod OD of 0.422 inches, the 16x16 fuel products with rod ODs of 0.360 or
0.374 inches, and the 17x17 fuel pi‘oducts with rod ODs of 0.360 or 0.374 inches.

The heated hydraulic diameter ratio values of the Westinghouse PWR fuel designs are within the range of
the extended ABB-NV correlation database in Table 5.2-6. The heated length below the first mixing vane
grid is typically less than 30 inches from the core inlet. The minimum HL of 48 inches supported by the
ABB-NV database in Table 5.2-6 will be conservatively used whenever the heated length is less than

48 inches, without taking credit of any benefit from the reduced HL in the DNBR predictions.
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To ensure a coritinuity of power shape correction in DNBR predictions between the NV and the MV grid
regions, the same Fc factor used with the primary DNB correlation of the Westinghouse PWR MV grid
fuel design (e.g., the Tong factor for the WRB-1 correlation in Reference 9) will be used with ABB-NV
correlation. [

]a,c.

The current ABB-NV 95/95 DNBR limit of 1.13 has been confirmed with the qualification test data in
this report with grid spacing ranging from 7.3 inches to 22 inches in Table 5.2-6 that is beyond the
original correlation range for the distance from grid term (8 to 18.86 inches). This indicates that the
correlation form for DG is sufficiently robust that the correlation can be applied for the Westinghouse
PWR geometry, below the mixing vane grids. For some Westinghouse PWR fuel designs, the DG term
can reach 24 inches in the NV grid region. This is a slightly larger value than the ABB-NV database, but
the ABB-NV grid spacer term is nearly constant over the range from 18.86 inches to 24 inches, which is
consistent with experimental observations of NV grid DNB behavior with large grid spacing. Effect of
NV grid spacing change from 22 to 24 inches on DNB is less than the change from 18.86 to 22 inches.
Since the effect of NV grid spacing beyond 18.86 inches is relatively small, the ABB-NV correlation can
be applied at the slightly larger NV grid spacing up to 24 inches. The minimum grid spacing will be

maintained at 7.3 inches for this application.

ABB-NV will be applied for calculating DNBR from the beginning of the heated length to the axial
location of the first MV grid of the Westinghouse PWR fuels. The fuel region near the core or bundle
inlet is typically highly subcooled with local quality value lower than - 0.14 obtained from higher
elevations in the original ABB-NV database™. In the DNB data analysis, DNBR is calculated for the
entire heated length, including the highly subcooled region near the inlet. The ABB-NV DNBR
predictions are very conservative at low quality conditions less than - 0.14. The conservatism in the
ABB-NV predictions is demonstrated in the analysis of the DNB data from the rod bundle with a bottom
peaked axial power shape (CE-Test 60) in Reference 4. The ABB-NV M/P mean for CE-Test 60 is
approximately [ ] "¢ Therefore,
while maintaining the upper quality limit of the DNB correlation, a lower quality limit is not needed for
the correlation application consistent with the correlation use in data analysis. Additional conservatismn 1s
added to the ABB-NV application to Westinghouse PWR fuel designs by maintaining the minimum
heated length of the correlation to 48 inches in Table 5.2-6, regardless the actual length below the first
MYV grid.

The extended ABB-NV applicable range for design application is summarized in Table 6.1-1. The
correlation will be used with the Westinghouse version of the VIPRE code and is in full compliance with

the conditions of the Safety Evaluation Report (SER) on the VIPRE code and modeling™. Specifically,

1. The 95/95 ABB-NV DNBR limit remains to be 1.13 for Westinghouse PWR fuel design
applications in the parameter range defined in Table 6.1-1.
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2. Selection of the appropriate DNB correlation, DNBR limit, engineering hot channel factors for
enthalpy rise and other fuel-dependent parameters for a specific plant will still be justified for
each application.

3. ABB-NV will be used as a supplement to the primary DNB correlation for predicting DNBR
margin in the fuel region of Westinghouse fuel designs near core inlet.

Table 6.1-1
Applicable Range of ABB-NV Correlation Extension

ABB-NYV Parameter Applicable Range

Pressure (psia) 1750 to 2415

Local mass velocity (Mlbm/hr-ft) 0.8 to 3.16

Local quality <0.22

Heated length, inlet to CHF location (in) : 48* to 150

Heated hydraulic diameter ratio, | 1*¢ 0.679** to 1.08

Grid Distance, (in) 7.3 to 24

* Although the heated length below the first mixing grid is below 48 inches, the minimum heated

length used 1n the correlation is conservatively maintained at 48 inches.
*x See justification in LTR-NRC-07-49 response to RAI 2.

6.2 WLOP Correlation Application

The WLOP correlation 95/95 DNBR limit with the Westinghouse version of the VIPRE-01 code (VIPRE)
is 1.18. The W-3 DNB correlation® or the MacBeth correlation® is currently used for predicting DNBR
margin at low pressure conditions encountered in a PWR post-trip steamline break (SLB) accident.
Similar to the current W-3 application, WLOP will be applied to all Westinghouse PWR fuel designs,
including the 14x14 fuel products with rod outside diameters (ODs) of 0.400 or 0.422 inches, the 15x15
fuel products with rod OD of 0.422 inches, the 16x16 fuel products with rod ODs of 0.360 or
0.374 inches, and the 17x17 fuel products with rod ODs of 0.360 or 0.374 inches. Similar to the current
MacBeth application, WLOP can be applied with the VIPRE code to all current CE PWR fuel designs.

The heated hydraulic diameter ratio and heated length values for the Westinghouse PWR and CIi PWR
fuel designs are within the range of the WLOP database in Table 5.3-6. The minimum HL of 48 inches
will be conservatively used whenever the heated length is less than 48 inches, without taking credit of any
benefit from the reduced HL in the DNBR predictions.

To ensure a continuity of power shape correction in DNBR predictions between the pressure regions, the
same Fc factor used with the primary DNB correlation of the PWR fuel design will be used with the
WLOP DNB correlation. The original Tong factor"” will be used for Westinghouse PWR fuel dcsigris, as
it has been used with WRB-1®, WRB-2"" and WRB-2M®" (c.g., the Tong factor for the WRB-1
correlation in Reference 9) will be used with WLOP correlation. The optimized Fe¢ factor from the
ABB-NV correlation'” will continue to be used for CE PWR fuel designs, as it has been used with
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ABB-NV, ABB-TV® and WSSV |
' ] a, c.

The data range of the WLOP grid spacing term [ ] ®©is between 27 and 95. For some
Westinghouse PWR fuel designs, the maximum grid spacing term can reach 114. This is a slightly larger
value than the WLOP database, but the WLOP grid spacer term is essentially 1.0 above the value of 70,
consistent with experimental observations of NMV grid performance with large grid spacing. Since
WLOP predictions show no trend with respect to grid spacing and are not affected by a change in the grid
spacing term from 95 to 115, the correlation can be applied to the maximum [ 17 € less
than 115. The minimum grid spacing will be maintained to greater than 27.

Similar to the ABB-NV correlation, WLOP provides conservative DNBR predictions at low local quality
conditions. While maintaining the upper quality limit of the DNB correlation, a lower quality limit is not
needed for the correlation application consistent with the corrclation use in data analysis. Additional
conservatism is added to the WLOP application by maintaining the minimum heated leﬁgth of the
correlation to 48 inches in Table 5.3-6, regardiess the actual length below the first MV grid.

The WLOP applicable range is summarized in Table 6.2-1. The correlation will be used with the
Westinghouse version of the VIPRE code and is in full compliance with the conditions of the Safety
Evaluation Report (SER) on the VIPRE code and modeling®. Specifically,

1. The 95/95 WLOP DNBR limit is 1.18 in the parameter range defined in Table 6.2-1.

2. Selection of the appropriate DNB correlation, DNBR limit, engineering hot channel factors for
enthalpy rise and other fuel-dependent parameters for a specific plant will still be justified for
each application..

3. WLOP will be used as a supplement to the primary DNB correlation for predicting DNBR margin
under low pressure conditions.

Table 6.2-1
Applicable Range of WLOP CHF Correlation

Parameter Applicable Range
Pressure (psia) 185** to 1800
Local Coolant Quality < 0.75
Local Mass velocity (Mlb/hr-ft*) 0.23 to 3.07
Matrix Heated Hydraulic Diameter, Dhm (inches) 0.4635 to 0.5334
Heated Hydraulic Diameter Ratio, | 1™ 0.679 to 1.00
Heated Length, HL (inches) 48* to 168
Gnd Spacing Term 27 1o 115

* Set as minimum HL value, applied at all elevations below 48 inches

* % See justification in LTR-NRC-07-49 response to RAT 6.
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7.0 Conclusions

The following conclusions and restrictions appiy for the application of ABB-NV to the heated length
below the first MV grid and the application of the WLOP correlation:

1. Analysis of supplemental non-mixing grid data with rod diameters of 0.36 and 0.374 inches
demonstrate the applicability of the ABB-NV correlation to the Westinghouse PWR fuel designs
in the heated length below the first mixing grid.

2. Analysis of the supplemental data indicate the data are poolable with the original data and the
approved DNBR limit of 1.13 for the ABB-NV correlation for CE-PWR applications is
maintained for the Westinghouse PWR applications within the parameter range in Table 6.1-1.

3. - Analysis of the modified ABB-NV correlation (WLOP) for low pressure and low flow conditions
and the source and validation data indicates that a minimum DNBR limit of 1.18 for the WLOP
correlation will provide a 95% probability with 95% confidence of not experiencing CHF on a
rod showing the limiting value.

4. The WLOP correlation with the 95/95 DNBR limit of 1.18 can be applied to the low pressure
conditions within the parameter range in Table 6.2-1, similar to the W-3 application for
Westinghouse PWR and to the MacBeth application for CE PWR plants.

5. The ABB-NV correlation for Westinghouse PWR applications and the WLOP correlation must be
used in conjunction with the Westinghouse version of the VIPRE-01 (VIPRE) code since the
correlations were justified and developed based on VIPRE and the associated VIPRE modeling

specifications.

6. The ABB-NV correlation and the WLOP correlation must use the same F factor for power shape

correction as used in the primary DNB correlation for a specific fuel design.
7. Selection of the appropriate DNB correlation, DNBR limit, engineering hot channel factors for

enthalpy rise and other fuel-dependent parameters for a specific plant will be justified for each
application.
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Appendix A
ABB-NYV Correlation Extension Qualification Database

A detailed summary of the supplemental qualification database for application of ABB-NV for the non-mixing

vane region in Westinghouse PWR is shown in Table A-1. The table in this appendix summarizes the raw data

from the CHF tests, the test geometry information needed for the correlation application, the local coolant
conditions at the MDNBR location taken from the VIPRE runs. It is noted that the original VIPRE database used
in the analysis is documented in Reference 3. The tabulation presented here gives the data from all CHF

experiments identified as Tests 190 and 175 described in Table 2-1. Nomenclature for heading abbreviations in

Appendix A are defined below:

TS
D

Press
Tin
Gavg
Qavg
DROD
DCH
GL
XL
CHFm

GS

DG
De
Dh
Dhm

H

I

il

I

Test Section Number . '
Test Section Type (UM is Uniform Shape without Guide Thimble, UT is Uniform Shape with
Guide Tube) _

Test Section Pressure (psia)

Test Section Inlet Temperature (°F)

Average Test Section Mass Velocity (Mlbm/hr-ft")

Test Section Critical Bundle Average Heat Flux (MBtwhr-ft*)

Primary DNB Rod Thermocouple Number

VIPREW Subchannel Number Where Local Coolant Conditions are Selected

Local Mass Velocity in CHF Channel (Mlbm/hr-ft*)

. Local Quality in CHF Channel

Measured CHF (MBtwhs-ft*)

Non-uniform Shape Factor = 1.00 for Uniform Axial Power Shape

Nominal | ]™¢ Grid Spacing from [ 1€ (in)
Heated Length to CHF Site (in)

Distance from | 1*¢ of Grid to CHF Site (in)

Wetted Hydraulic Diameter of CHF Channel (in)

Heated Hydraulic Diameter of CHF Channel (in)

Heated Hydraulic Diameter of Matrix Channel (in)
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Table A-1
ABB-NYV Correlation Extension Qualification Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL XL CHFm FC GS HL
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Table A-1 (Cont.)
ABB-NV Correlation Extension Qualification Database

TSTD Run DPress. Tin Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh Dhm ab,c
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Table A-1 (Cont.)
ABB-NYV Correlation Extension Qualification Database

TSTD Run Press. Tin  Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh Dhm a,b, ¢
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Table A-1 (Cont.)
ABB-NYV Correlation Extension Qualification Database

TSTD Run Press. Tin  Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh  Dhm a,b,c
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Table A-1 (Cont.)
ABB-NV Correlation Extension Qualification Database

TSTD Run Press. Tin  Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh Dhm a,b,
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Table A-1 (Cont.) _
ABB-NYV Corretation Extension Qualification Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh Dhm a,b, ¢
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Table A-1 (Cont.) '
ABB-NV Correlation Extension Qualification Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh  Dhm a, b, c
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Table A-1 (Cont.)
ABB-NV Correlation Extension Qualification Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh Dhm a,b, ¢
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Appendix B

ABB-NYV Correlation Extension Qualification Test VIPRE Statistical Output

A detailed summary of the statistical output of the ABB-NV correlation Qualification Tests is given in Table B-1.

The detailed statistical output for the original test data are given in Reference 3. For each test run in Table B-1,
the values for the correlation variables, the measured CHF and ABB-NV predicted CHF with the VIPRE code are
given, along with the value for the M/P CHF ratio. The individual test section, database, Subset, and overall
statistics are given at the end of the output in Table B-1 for all tests including the original test data documented in
Reference 3. Nomenclature for heading abbreviations in Appendix B are defined below:

TS
- TD

Press
GL
XL

GS

DG
De

Dh
Dhm
CHFm
CHFp

Il

Test Section Number

Test Section Type (UM is Uniform Shape without Guide Thimble, UT is Uniform Shape with
Guide Thimble) '

Test Section Pressure (psia)

Local Mass Velocity in CHF Channel (Mlbm/hr-ft*)

Local Quality in CHF Channel

Non-uniform Shape Factor = 1.00 for Uniform Axial Power Shape

[ 1® ¢ Nominal Grid Spacing, | 1®€ (in)
Heated Length to CHF Site (in)

Distance from [ 1€ of Grid to CHF Site (in)

Hydraulic Diameter of CHF Channel (in)

Heated Hydraulic Diameter of CHF Channel (in)

Heated Hydraulic Diameter of Matrix Channel (in)

Measured CHF (MB tw/hr-ft*)

ABB-NV Predicted CHF divided by Fe, (MBtu/hr-ft)
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Table B-1
Statistical Output of ABB-NV Extension Qualification VIPRE Database

Run  Press. GL XL FC GS HL DG De Dh Dhm CHFm
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CHFp MP1 MP  ®D¢




Table B-1 (Cont.)
Statistical Output of ABB-NV Extension Qualification VIPRE Database

XL FC GS HL DG Dh Dhm GST CHFm
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CHFp M/P-1 MP &b
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Table B-1 (Cont.)
Statistical Output of ABB-NV Extension Qualification VIPRE Database
TSTD  Run  Press. GL XL FC GS HL DG Dh Dhm GST CHFm CHFp M/P-1 M/P a,b, ¢




Run

Press.

Table B-1 (Cont.)

Statistical Output of ABB-NV Extension Qualification VIPRE Database

Dhm

GST

CHFm
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CHFp M/P-1  MP




Run

Press.

GL

Table B-1 (Cont.)
Statistical Qutput of ABB-NV Extension Qualification VIPRE Database

XL FC GS HL DG Dh Dhm GST CHFm CHFp M/P-1 M/P
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Table B-1 (Cont.)
Statistical Output of ABB-NV Extension Qualification VIPRE Database
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CHFp M/P-1 M/P

Table B-1 (Cont.)
Statistical Output of ABB-NV Extension Qualification VIPRE Database
TSTD Run  Press. GL XL FC GS HL DG Dh Dhm GST CHFm
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Table B-1 (Cont.) A
Statistical Qutput of ABB-NV Extension Qualification VIPRE Database

Original Database Plus Qualification Database — Excludes Tests 60 and 66

a, b, c
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Table B-1 Continued
Statistical Output of ABB-NV Extension Qualification VIPRE Database

a, b, ¢
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Appendix C
WLOP VIPRE Database

A detailed summary of the WLOP Correlation Database is shown in Table C-1 and the Validation Database is
shown in Table C-2. The tables in this appendix summarize the raw data from Columbia data files, the test
geometry information needed for the correlation development, the predicted local coolant conditions taken from
the VIPRE runs. The tabulation presented here gives the data from all CHF experiments with test sections
described in Table 2-2. Repeat runs in the correlation database, runs with only cold rods indicating DNB and
outlier points from Sectton 4, identified in bold Italics, were eliminated in the correlation codes along with points

outside the correlation parameter limits. Nomenclature for heading abbreviations is defined below:

TS = Test Section Number

D = Test Section Type (UM is Uniform Shape without Guide Thimble, UT is Uniform Shape with
Guide Tube)

Press = Test Section Pressure (psia)

Tin. - = Test Section Inlet Temperature (°F)

Gavg = Average Test Section Mass Velocity (Mlbm/hr-ft*)

Qavg = Test Section Critical Bundle Average Heat Flux (MBtwhr-ft*)

DROD = Primary DNB Rod Thermocouple Number

DCH VIPREW Subchannel Number Where Local Coolant Conditions are Selected
GL Local Mass Velocity in CHF Channel (Mlbm/hr-ft*)

XL = Local Quality in CHF Channel

CHFm = Measured CHF (MBtwhr-ft*)

Il

Fc = Non-uniform Shape Factor = 1.00 for Uniform Axial Power Shape
GS = | ] ™€ of Grid (in)
HL = Heated Length to CHF Site (in)
DG = Distance from [ ] *€ to CHF Site (in)
De = Wetted Hydraulic Diameter of CHF Channel (in)
"Dh = Heated Hydraulic Diameter of CHF Channel (in)
Dhm = Heated Hydraulic Diameter of Matrix Channel (in)
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Table C-1
WLOP Correlation Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh Dhm B¢
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Table C-1 (Cont.)
WLOP Correlation Database

TSTD Run Press. Tin  Gavge Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh  Dhm a,b, ¢
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Table C-1 (Cont.)
WILOP Correlation Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL XL CHFm FC GS
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Table C-1 (Cont.)
WLOP Correlation Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh Dhm
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Table C-1 (Cont.)
WLOP Correlation Database

TSTD Run Press. Tin  Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh Dhm a,b, ¢
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WLOP Correlation Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL -XL CHFm FC GS
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Table C-1 (Cont.)
WLOP Correlation Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL XL CHFm FC GS

HL
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DG De Dh Dhm b¢
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WLOP Correlation Database

TSTD Run DPress. Tin Gavg Qavg DROD DCH GL XL

CHFm FC GS

WCAP-15306-NP-A, Addendum 2-NP-A

Page C-9 of C-33




WCAP-15306-NP-A, Addendum 2-NP-A

Table C-1 (Cont.)
WLOP Correlation Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh Dhm & b, c
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Table C-1 (Cont.)
WLOP Correlation Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh Dhm a,b, ¢
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Table C-1 (Cont.)
WLOP Correlation Database

DROD DCH GL XL CHFm FC GS HL
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DG

De

Dh

Dhm

a, b, ¢
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Table C-1 (Cont.)
WLOP Correlation Database

TSTD Run Press. Tin  Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh Dhm a,b, ¢
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Table C-1 (Cont.)
WLOP Correlation Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL XL CHFm FC
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Table C-1 (Cont.)
WLOP Correlation Database

TSTD Run Press.  Tin  Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh Dhm a,b, ¢
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Table C-1 (Cont.)
WLOP Correlation Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh Dhm b, ¢

Page C-16 of C-33



WCAP-15306-NP-A, Addendum 2-NP-A

Table C-1 (Cont.)
WLOP Correlation Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh Dhm a,b, ¢

Page C-17 of C-33



Table C-1 (Cont.)
WLOP Correlation Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL XL CHFm FC GS

Page C-18 of C-33

WCAP-15306-NP-A, Addendum 2-NP-A

HL DG De Dh Dhm be
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Table C-1 (Cont.)
WILOP Correlation Database

TSTD Run Press. Tin  Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh  Dhm a, b, ¢
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Table C-1 (Cont.)
WLOP Correlation Database

TSTD Run Press. Tin  Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh Dhm a,b, ¢
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Table C-1 (Cont.)
WLOP Correlation Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh  Dhm a,b, ¢
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TSTD Run
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Table C-1 (Cont.)
WLOP Correlation Database

Gavg Qavg DROD DCH GL XL CHFm FC GS HL
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DG

Dh

Dhm

a,b, ¢
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Table C-1 (Cont.)
WLOP Correlation Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh Dhm a,b, ¢
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Table C-1 (Cont.)
WLOP Correlation Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL XL CHFm FC GS HL
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Table C-2
WLOP Validation Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh Dhm a,b, c

Page C-25 of C-33



TSTD Run

Press.

Tin

Gavg

Table C-2 (Cont.)
WLOP Validation Database

Qavg DROD DCH GL

XL CHFm FC
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Table C-2 (Cont.)
WLOP Validation Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh Dhm a,b, ¢
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Table C-2 (Cont)
WL.OP Validation Database

TSTD Run Press. Tin  Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh Dhm ®b¢
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Table C-2 (Cont.)
WLOP Validation Database

TSTD Run DPress. Tin Gavg Qavg DROD DCH GL XL CHFm FC GS HL DG De Dh Dhm a,b, ¢
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TSTD Run

Press.

Tin

Gavg

Table C-2 (Cont.)
WLOP Validation Database

Qavg DROD DCH GL XL CHFm FC GS HL

Page C-30 of C-33

WCAP-15306-NP-A, Addendum 2-NP-A

DG

Dh
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a,b, ¢




WCAP-15306-NP-A, Addendum 2-NP-A

Table C-2 (Cont.)
WLOP Validation Database

TSTD Run Press. Tin Gavg Qavg DROD DCH GL XL CHFm ¥FC GS HL DG De Dh Dhm a,b, ¢
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“Press.
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Table C-2 (Cont.)
WLOP Validation Database

Gavg Qavg DROD DCH GL XL CHFm
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WLOP VIPRE Statistical Output
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Appendix D: WLOP VIPRE Statistical Output

A detailed summary of the statistical output of the WLLOP correlation is given in Table D-1. For each test run in
Table D-1, the values for the correlation variables, the measured CHF and WLOP predicted CHF with the VIPRE
code are given, along with the value for the M/P CHF ratio. The repeat test runs and any test runs with variables

outside the correlation parameter range are removed from Table D-1. The individual test section, database,

Subset, and overall statistics are given at the end of the output in Table D-1. Nomenclatures for table heading

TS
TD

Press
GL
XL

GS

DG
De

Dh
Dhm
CHFm
CHFp

I

il

il

‘abbreviations are given below:

Test Section Number

Test Section Type (UM is Uniform Shape without Guide Thimble, UT is Uniform Shape with
Guide Thimble)

Test Section Pressure (psia)

Local Mass Velocity in CHF Channel (Mibm/hr-ft*)

Local Quality in CHF Channel - _

Non-uniform Shape Factor = 1.00 for Uniform Axial Power Shape

[ : ] *€ of Grid (in)
Heated Length to CHF Site (in)

Distance from | ]®¢to CHF Site (in)

Hydraulic Diameter of CHF Channel (in) -

Heated Hydraulic Diameter of CHF Channel (in)

Heated Hydraulic Diameter of Matrix Channel (in)

Measured CHF (MBtw/hr-ft*)

WLOP Predicted CHF divided by Fe, (MBtu/hr-ft%)
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Table D-1 _
Statistical Output of WLOP Correlation VIPRE Database

TS TD Run Press. GL XL FC GS HL DG Dh Dhm GST

WCAP-15306-NP-A Addendum 2-NP-A

CHFm CHFp M/P-1 MP ab,c
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Table D-1 (Cont.)
Statistical Output of WLOP Correlation VIPRE Database

TSTD Run  Press. GL XL FC GS HL DG Dh Dhm GST -CHFm CHFp M/P-1 M/P a,b,c
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Table D-1 (Cont.)
Statistical Output of WLOP.Correlation VIPRE Database

TSTD Run  Press. GL XL FC GS HL DG Dh Dhm GST CHFm CHFp M/P-1 MP % b, ¢
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Table D-1 (Cont.)
Statistical Output of WLOP Correlation VIPRE Database

TS TD Run  Press. GL XL FC GS HL DG Dh Dhm GST CHFm CHFp M/P-1 M/P ab,c




Table D-1 (Cont.)
Statistical Output of WLOP Correlation VIPRE Database

TSTD . Run Press. GL XL FC GS HL DG' Dh Dhm GST

'r_

WCAP-15306-NP-A Addendum 2-NP-A

CHFm CH:FP \’I/F-l VI)P a, ba C
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Table D-1 (Cont.)
Statistical Output of WLOP Correlation VIPRE Database

- TSTD Run  Press. GL XL FC GS HL DG Dh Dhm GST CHFm CHFp M/P-1 MP b, ¢
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Table D-1 (Cont.)
Statistical Output of WLOP Correlation VIPRE Database
TSTD Run  Press. GL XL FC GS HL DG Dh Dhm GST CHFm CHFp M/P-1 M/P  ab,c
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Table D-1 (Cont.)
Statistical Output of WLOP Correlation VIPRE Database

TSTD Run  Press. GL XL FC GS HL DG Dh Dhm GST CHFm CHFp M/P-1 M/P a,b,c




TSTD

Run

Press. GL

Table D-1 (Cont.)
Statistical Output of WLOP Correlation VIPRE Database

XL FC GS HL DG - Dh Dhm GST

CHFm

WCAP-15306-NP-A Addendum 2-NP-A

CHFp

M/P-1

M/P

a, b, c
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Table D-1 (Cont.)
Statistical Output of WLOP Correlation VIPRE Database

TS TD Run  Press. GL XL FC GS HL DG Dh Dhm GST CHFm CHFp M/P-1 MP ab,c
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Table D-1 (Cont.)
Statistical Output of WLOP Correlation VIPRE Database

TSTD Run  Press. GL XL FC GS HL DG Dh Dhm GST CHFm CHFp M/P-1 M/P ab,c
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Table D-1 (Cont.) .
Statistical Output of WLOP Correlation VIPRE Database’

TS TD Run  Press. GL XL FC GS HL DG Dh Dhm GST CHFm CHFp M/P-1 M/P ab,c

_____________________ —




TSTD

Run

Press. GL

Table D-1 (Cont.)

Statistical Output of WLOP Correlation VIPRE Database

FC

GS

HL

DG

Dh

Dhm

GST

WCAP-15306-NP-A Addendum 2-NP-A

CHFm CHFp M/P-1 MP ab,¢
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Table D-1 (Cont.)
Statistical Output of WLOP Correlation VIPRE Database

TS TD Run  Press. GL XL FC GS HL DG Dh Dhm GST CHFm CHFp M/P-1 M/P @ b,c
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Table D-1 (Cont.) _
Statistical Output of WLOP Correlation VIPRE Database

TS TD Run  Press. GL XL FC GS HL DG, Dh Dhm GST CHFm CHFp M/P-1 M/P 3,b,c

— : SO
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Table D-1 (Cont.)
Statistical Output of WLOP Correlation VIPRE Database

TS TD Run  Press. GL XL FC GS HL DG Dh Dhm GST CHFm CHFp M/P-1 M/P  ab,c
'_—' ’ -




Table D-1 (Cont.)
Statistical Output of WLOP Correlation VIPRE Database

TS TD Run  Press. GL - XL FC GS HL DG Dh Dhm GST

WCAP-15306-NP-A Addendum 2-NP-A

CHFm CHFp M/P-1 M/P ‘a,b, ¢
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Table D-1 (Cont.)
Statistical Output of WLOP Correlation VIPRE Database

TS TD Run  Press. GL XL FC GS HIL DG Dh Dhm GST CHFm CHFp M/P-1 M/P ab,c

[ o]
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Table D-1 (Cont.)
Statistical Output of WLOP Correlation VIPRE Database

TS TD Run  Press. GL XL FC GS HL DG Dh Dhm GST CHFm CHFp M/P-1 M/P a, b, ¢
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Table D-1 (Cont.)
Statistical Output of WLOP Correlation VIPRE Database

TSTD Run  Press. GL XL FC GS HIL DG Dh Dhm GST CHFm CHFp M/P-1 M/P b, ¢
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Table D-1 (Cont.)
Statistical Output of WLOP Correlation VIPRE Database

TSTD Run  Press. GL XL FC GS HL DG Dh Dhm GST CHFm CHFp M/P-1 MP ab,c




TSTD

Run

Table D-1 (Cont.)

Statistical Output of WLOP Correlation VIPRE Database

XL

FC

Dh

Dhm

GST

WCAP-15306-NP-A Addendum 2-NP-A

CHFm CHFp

M/P-1

M/P

a, b, ¢
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Table D-1 (Cont.)
Statistical Output of WLOP Correlation VIPRE Database

TS TD Run  Press. GL XL FC GS HL DG Dh Dhm GST CHFm CHFp M/P-1 M/P @b,
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Table D-1 (Cont.)
Statistical Output of WNGF-SSV Correlation VIPRE Database

TSTD Run  Press. GL XL FC GS HL DG Dh Dhm GST CHFm CHFp M/P-1 M/P b,




TS TD

Run
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Table D-1 (Cont.) _
Statistical Output of WNGF-SSV Correlation VIPRE Database

Press. GL XL FC GS HL DG Dh Dhm - GST CHFm CHFp M/P-1 M/P a,b,c
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Table D-1 (Cont.)
Statistical Output of WNGF-SSV Correlation VIPRE Database

TS TD Run  Press. GL XL FC GS HL DG Dh Dhm GST CHFm CHFp M/P-1 M/P 3abc

PR ey




Table D-1 (Cont.)
Statistical Output of WLOP Correlation VIPRE Database

TS TD Run Press. GL XL FC GS HL DG Dh Dhm GST

WCAP-15306-NP-A Addendum 2-NP-A

CHFm CHFp M/P1 MP &b
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Table D-1 (Cont.)
Statistical Output of WLOP Correlation VIPRE Database

Correlation Database

a, b, ¢

Validation Database

a, b, c




WCAP-15306-NP-A Addendum 2-NP-A
Table D-1 (Cont.)
Statistical Output of WLOP Correlation VIPRE Database

Combined Database

a, b, c
[ 1€ a, b, ¢
[ e abe
{ 1*° a,b,c
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Appendix E
WLOP CHF Test Geometries
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Appendix E: WLOP CHF Test Geometries

The test section radial and axial geometries for the tests used in the development and validation of the WL.OP
correlation not provided in Section 2.0 or Appendix E of Reference 4 are shown in Figures E-1 through E-20.

The geometry for the tests used in the ABB-NV correlation development are shown in Appendix E of Reference 4
and the geometry for Test 190 is shown in Section 2.0. .
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Figure E-1
Radial Geometry — CHF Test Section 9

WCAP-15306-NP-A Addendum 2-NP-A

a, b, ¢
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Figure E-2
Axial Geometry — CHF Test Section 9

WCAP-15306-NP-A Addendum 2-NP-A

a,b,c
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Figure E-3
Radial Geometry — CHF Test Section 10
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‘a, b, ¢




WCAP-15306-NP-A Addendum 2-NP-A

Page Intentionally Left Blank



Figure E-4
Axial Geometry — CHF Test Section 10
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a,b,c
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Figure E-5
Radial Geometry — CHF Test Section 13
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a, b, c
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Figure E-6
Axial Geometry — CHF Test Section 13
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a, b, c
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Figure E-7
Radial Geometry — CHF Test Section 19

a, b, ¢
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Figure E-8
Axial Geometry — CHF Test Section 19
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a, b, ¢
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Figure E-9
Radial Geometry — CHF Test Section 30
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a, b, ¢
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Figure E-10
Axial Geometry — CHF Test Section 30
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Figure E-11
Radial Geometry — CHF Test Section 33
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a, b, c
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Figure E-12
Axial Geometry — CHF Test Section 33
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a, b, ¢
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Figure E-13
Radial Geometry — CHF Test Section 35
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a, b, c
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Figure E-14
Axial Geometry — CHF Test Section 35

a,b,c
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Figure E-15
Radial Geometry — CHF Test Section 37
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~a,b, ¢
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Figure E-16
Axial Geometry — CHF Test Section 37
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a, b, c
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Figure E-17
Radial Geometry — CHF Test Section 39
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a, b, ¢
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Figure E-18
Axial Geometry — CHF Test Section 39
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a,b,c
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Figure E-19
Radial Geometry — CHF Test Section 42
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a,b, ¢
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Figure E-20
Axial Geometry — CHF Test Section 42
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a, b, ¢
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Section C
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Nuclear Services

w es’l‘ingheuse | Westinghouse Electric Company

P.0. Box 355
Pittsburgh, Pennsylvania 15230-0355
USA
U.S. Nuclear Regulatory Commission Direct tel: (412) 374-4643
Document Control Desk Direct fax: (412) 374-4011 }
Washington, DC 20555-0001 . e-mail: greshaja@westinghouse.com

Our ref: LTR-NRC-07-26
May 14, 2007

Subject: Response to NRC’s Request for Additional Information by the Office Of Nuclear Reactor Regulation for
Topical Report (TR) WCAP-14565-P-A, Addendum 2, “Addendun 2 to WCAP-14565-P-A, Extended
Application of ABB-NV Correlation and Modified ABB-NV Correlation WLOP for PWR Low
Pressure Applications” (TAC No. MD3184) (Proprietary/Non-proprietary)

Enclosed are copies of the Proprietary and Non-Proprietary responses to NRC’s Request for Additional Information for
“Addendum 2 to WCAP-14565-P-A, Extended Application of ABB-NV Correlation and Modified ABB-NV
Correlation WLOP for PWR Low Pressure Applications.”

Also enclosed is:

1. One (1) copy of the Application for Withholding, AW-07-2280 (Norn-proprietary) with Proprietary
Information Notice.
2. One (1) copy of 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 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 affidavit or Application for Withholding should reference AW-07-2280 and
should be addressed to B. F. Maurer, Acting Manager, Regulatory Compliance and Plant Licensing, Westinghouse
Electric Company LLC, P.O. Box 355, Pittsburgh, Pennsylvania 15230-0355.

Very truly yours,

B. F. Maurer, Acting Manager
Regulatory Compliance and Plant Licensing

Enclosures
cc: A. Mendiola, NRR
A. Attard, NRR
-J. Keiser, NRR
H. Cruz, NRR

J. Thompson, NRR
L. M. Feizollahi, NRR
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Nuclear Services

WEST in ghouse ‘ Westinghaouse Electric Co;npany

P.O. Box 355
Pittsburgh, Pennsylvania 15230-0355
USA .

U.S. Nuclear Regulatory Commission Direct tel:  412/374-4643

ATTN: Document Control Desk Direct fax: 412/374-401}

Washington, DC 20555 e-mail: greshaja@westinghouse.com

Ourref: AW-07-2280
May 14, 2007

APPLICATION FOR WITHHOLDING PROPRIETARY
INFORMATION FROM PUBLIC DISCLOSURE

Subject: LTR-NRC-07-26 P-Enclosure, “Response to NRC’s Request for Additional Information by the Office
Of Nuclear Reactor Regulation for Topical Report (TR) WCAP-14565-P-A, Addendum. 2,
‘Addendum 2 10 WCAP-14565-P-A, Extended Application of ABB-NV Correlation and Modified
ABB-NV Correlation WLOP for PWR Low Pressure Applications” ” (TAC No. MD3184) (Proprietary)

Reference:  Letter from B. F. Maurer to Document Control Desk, LTR-NRC-07-26, dated May 14, 2007

The application for withholding 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 material 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-07-2280 accompanies this application for withholding,
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 this application for withholding or the accompanying affidavit should reference AW-07-
2280 and should be addressed to B. F. Maurer, Acting Manager of Regulatory Compliance and Plant Licensing,
Westinghouse Electric Company LLC, P. O. Box 355, Pittsburgh, Pennsylvania 15230-0355.

Vcry truly yours,

o emon—

_ B. I, Maurer, Acting Manager
Regulatory Compliance and Plant Licensing

- Ce: . A.Mendiola, NRR
AL Attard, NRR
P. Clifford, NRR
H. Cruz, NRR
J. Thompson, NRR
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AW-07-2280

AFFIDAVIT

COMMONWEALTH OF PENNSYLVANIA:

ss8

COUNTY OF ALLEGHENY:

Before me, the undersigned authority, personally appeared B. F. Maurer, who, being by me duly sworn according
to law, deposes and says that he is 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 his knowledge,

information, and belief:

TA M

B. F. Maurer, Acting Manager

Regulatory Compliance and Plant Licensing

Swomn to and subscnbe
before me this A% 7 day

of 7/’;/« ,2007.

A A4

Notary Public

COMMONWEALTH OF PENNSYLVANIA
Notarial Seal
Sharon L. Markle, Notasy Public
Monroeville Boro, Allsgheny County
My Commission Expires Jan. 29, 2011

Member, Pennsyivania Association of Notaries




M

@

©)

@

WCAP-15306-NP-A Addendum 2-NP-A

I am Acting Manager, Regulatory Compliance and Plant Licensing, in Nuclear Services, 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 rulemaking 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” 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 1s
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 i1s owned and has been held in confidence by
Westinghouse.
(1) The information js 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 constitutes

Westinghouse policy and provides the rational basis required.

Under that system, information 1s 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 Westinghouse's competitors without license

from Westinghouse constitutes a competitive economic advantage over other companies.

(b Tt consists of supporting data, including test data, relative to a process (or component, structure,
tool, method, etc.), the applicatton 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
posttion in the design, manufacture, shipment, installation, assurance of quahty, or hicensing a

similar product.
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(d) It reveals cost or price information, production capacities, budget levels, or commercial strategies

of Westinghouse, its customers or suppliers.

(e) 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.

(
!
|
il
l! There are sound policy reasons behind the Westinghouse system which include the following:
i (a) The use of such information by Westinghouse gives Westinghouse a competitive advantage over
I
| its competitors. It is, therefore, withheld from disclosure to protect the Westinghouse competitive
{ ;

position.

! b) It is information which 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.

! c) Use by our competitor would put Westinghouse at a tompetitive disadvantage by reducing his
expenditure of resources at our expense.

(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

Westinghouse of a competitive advantage.

(e) - Unrestricted disclosure would jeopardize the position of prominence of Westinghouse in the world

!

|

|

)

[ proprietary information, any one component may be the key to the entire puzzle, thereby depriving
!

I

; market, and thereby give a market advantage to the competition of those countries.

|

3] The Westinghouse capacity to invest corporate assets in research and development depends upon

‘the success in obtaining and maintaining a competitive advantage.

Section 2.390, it 1s to be received in confidence by the Commission.

{(iv) The information sought to be protected is not available in public sources or available information has not been

i
i
] {11) The information 1s being transmitted to the Commission in confidence and, under the provisions of 10 CFR
i
I
l
|
‘ previously emploved in the same original manner or method to the best of our knowledge and belief.
%
[
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The proprietary information sought to be withheld in this submittal is that which is appropriately marked

LTR-NRC-07-26 P-Enclosure, “Response to NRC’s Request for Additional Information by the Office Of
Nuclear Reactor Regulation for Topical Report (TR) WCAP-14565-P-A, *Addendum 2, Addendum 2 to
WCAP-14565-P-A, Extended Application of ABB-NV Correlation and Modified ABB-NV Correlation
WLOP for PWR Low Pressure Applications’ ” (TAC No. MD3184) (Proprietary), for submittal to the
Commission, being transmitted by Westinghouse letter (LTR-NRC-07-26) and Application for Withholding
Proprietary Information from Public Disclosure, to the Document Control Desk. The proprietary information
as submitted by Westinghouse Electric Company is responses to NRC’s Request for Additional Information.

This information 1s part of that which will enable Westinghouse to:

(a) Demonstrate the acceptability of the Correlation Extension and the new Low Pressure/Low Flow
Extension.
)] Assist customers in implementing an improved fuel product.

Further this information has substantial commercial value as follows:

(a) Westinghouse can use correlation to further enhance their licensing position over their
competitors.
(b) Assist customers to obtain license changes.

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 fuel design 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 for developing the enclosed improved core thermal performance methodology.

Further the deponent sayeth not.
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PROPRIETARY INFORMATION NOTICE

Transmitted herewith are proprietary and/or 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 1s 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 desiglqéted 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)(i1)(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, suspenston,
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 1s 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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Response to NRC’s Request for Additional Information by
the Office Of Nuclear Reactor Regulation for
Topical Report (TR) WCAP-14565-P-A, Addendum 2,
“Addendum 2 to WCAP-14565-P-A, Extended Application
of ABB-NV Correlation and Modified ABB-NV Correlation
WLOP for PWR Low Pressure Applications”

(TAC No. MD3184) (Non-Proprietary)

Westinghouse Electric Company
P.O. Box 355
Pittsburgh, Pennsylvania 15230-0355

© 2007 Westinghouse Electric Company LLC
All Rights Reserved
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Response to NRC’s Request for Additional Information
by the Office Of Nuclear Reactor Regulation for
Topical Report (TR) WCAP-14565-P-A, Addendum 2,
“Addendum 2 to WCAP-14565-P-A, Extended Application of ABB-NV Correlation
and Modified ABB-NV Correlation WLOP for PWR Low Pressure Applications”
(TAC No. MD3184) (Non-Proprietary)

RAI#1: Please define the ‘re-evaluation’ referred to in section 2.0 (page 3 of 118) of the WCAP. Specifically
what criteria were used to evaluate which CHF data would and would not be used for development of
the WLOP correlation?

Response:

To determine the database for the WLOP correlation, the [ -

Reference:

1. CENPD-387-P-A, Rev.00, “ABB Critical Heat Flux Correlations for PWR Fuel,” May 2000.
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RAI#2: Tests 190 and 175 were examined to provide a data base for the ABB-NV with rods of diameters not
originally considered in the ABB-NV correlation. The database for WLOP (Table 2-2 on page 6 of
118) contains no test points with rod diameiers of 0.360 inches. Will the WLOP correlation be used
Jor Westinghouse fuel of this size? If so please justify the use of the WLOP correlation.

Response:

The WLOP correlation was developed with a large geometric range. The primary geometric parameters that
determine applicability for a fuel design with different rod diameter are the matrix channel heated hydraulic
diameter, Dhm, and the heated hydraulic diameter ratio, | ] €. From Table 6.2-1, the correlation range
for these parameters is:

Parameter Applicable Range
Matrix Heated Hydraulic Diameter, Dhm (inches) ' 0.4635 to 0.5334
Heated Hydraulic Diameter Ratio, [ : | Il 0.679 to 1.00

The Westinghouse fuel with a rod diameter of 0.360 inches has heated hydraulic diameter geometry that falls
within the applicable range of the WLOP correlation. The matrix heated hydraulic diameter is 0.510 inches and
the heated hydraulic diameter ratio is [ 1" ™. Since the fuel design falls within the applicable geometry
range, the WLOP correlation will be used for Westinghouse fuel of this size. The application of the ABB-NV
correlation to the CHF test data from Tests 190.and 175 demonstrates a correlation is applicable for fuel designs
that have a different rod diameter and have heated hydraulic diameter geometries within the correlation geometric
range.

RAT#3: Section 4.2 describes the ABB-NV correlation ('pagé 31 0f118). Some of the inputs to this correlation
are based on the location of CHF, while it is the equation itself which outputs the CHF. How do you
know the location of CHF before you solve for it?

Response:

The location of CHF or minimum DNB ratio (MDNBR) is not known without calculating DNBR for the entire
length of the bundle using a correlation and a thermal hydraulic subchannel code. For each test in the ABB-NV
correlation database, a subchannel code (TORC and/or VIPRE) model of the geometry is used to compute the
local flow conditions at each axial node in the bundle. At each axial node, ABB-NV DNBR is computed with the
input of the distance from the beginning of the heated length (FHL) and the distance from the leading edge of the
upstream grid (DG). The correlation database includes tests with different heated lengths and grid spacing to
provide a form and coefficients that computes the correct CHF over the range of the correlation parameters. The
location of CHF or the location of the MDNBR is then determined by as the axial node having the lowest DNBR.

RAI #4: Please describe the phenomena behind figure 4-1. In other words, why is pressure responding the
way il is?

Response:

[ 1 ™" ¢ shown in Figure 4-1 of the topical report is a well

known phenomenon and has been observed by others in the industry. Section 10.6.3.2 of Reference 1 provides a
summary of the previous investigations. It is generally understood that the pressure influence on CHF is related
to the fluid properties. In the low pressure tests, CHF as a function of pressure curve rises with increasing
pressure, passes through a maximum, and then drops off. Depending on the Prandtl number, the maximum point
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is between 500 and 1000 psia, consistent with [ 1™™ ¢ shown in Figure
4-1 of the topical report.

Reference:

1. Y. Y. Hsu and R. W. Graham, “Transport Processes in Boiling and Two-Phase Systems Including Near-

Critical Fluids,” American Nuclear Society, 1986, pp. 311-312.

RAI#5:  Also, Figures 4-2 through 4-3, do not include M/P behavior for 17x17 fuel. Does that mean that the
WLOP correlation will not be used for this fuel type?

Response:

Figures 4-2 and 4-3 are trend plots generated with the correlation database used to demonstrate the need for
additional terms, relative to the existing ABB-NV correlation form, to correctly predict CHF at the low pressure
conditions. These form changes are described in sections 4.2.1 and 4.2.2. The 17x17 data for the fuel geometry
with no vane (Test 190) is part of the validation database. These data are included in the final correlation trend
plots in Chapter 5 and are included in the evaluation of the DNBRy; limit. Mixing vane data with 17x17 fuel
geometry with and without intermediate flow mixers (IFMs) are included in Table 4-5. The data without IFMs
are shown in Figures 4-4 and 4-5. Based on the data from Test 190 and the MV data shown in Table 4-5, the
WILOP correlation is applicable for the 17x17 fuel and WLOP will be used for this fuel design.

RAI #6: Figure 4-4 shows the effect of pressure on M/P ratio for MV data on the WLOP correlation. The
’ lowest pressure for which data has been taken is much higher than requested range of the
correlation. Also, there appears to be a trend which suggests that the M/P ratio will continue
dropping off at the lower pressures between the low end of the correlation and the lower pressure
data points (assuming this trend holds, which may not be). Please provide additional information

Justifying the use of the WLOP correlation in this region.

Response:

Figure 4-4 shows that the WLOP correlation provides accurate predictions of the low pressure MV data from
different rod bundles, even though those data were not included into its database. The available data at the
pressure of 750 psia were obtained from the rod bundle test 164 in Reference 1 that simulated a Westinghouse
17x17 fuel design with mixing vane (MV) grids. |

] a,b, ¢

For further confirmation of the WLOP applicability, additional low pressure data with MV grids from Test 165 of
Reference 1 were evaluated with the WLOP correlation. Test 165 is another rod bundle test with MV grids for
the Westinghouse 17x17 fuel design. The M/P results are shown in the attached table and are added to the M/P
versus pressure plot in Figure 4-4. The WLOP M/P ratios are conservative for the low pressure MV data. The
MYV data analysis shows that the WLOP 95/95 DNBR limit of 1.18 in Section 6.2 of the topical report bounds
both MV and NMYV test data.
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MV Test 165 (EPRI NP-2609)
Run Pressure Temperature | Average Flow Ave. Power WLOP
— (psia) (°F) Mibm/hr-f) | (MBtw/hr-ft) M/P —a.b,¢
Reference:
1. C. F. Fighetti and D. G. Reddy, “Parametric Study of CHF Data,” EPRI NP-2609, Volume 3 Part 1, 1982,
pp. 758-762.

Additional MV Data Added to Figure 4-4
. —a,b,¢
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RAI#7:  In table 5.2—5; the standard deviation from subset 1 does not agree with the standard deviation from

subset I given in section 5.2. Also using the equation givern in 5.1.4.1 to calculate DNBR95 results in
a different answer than that given in table 5.2-5. Please provide an explanation.

Response:

The correct value for Table 5.2-5 is | ] ™ ¢, the same as given in section 5.2. The value in Table 5.2-5
will be corrected in the final approved teport.
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Section D
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. wesnnghouse » Westinghouse Flectric Company

Nuclear Services

P.0. Box 355
Pittsburgh, Pennsylvania 15230-0355
o USA
h
I
I
' U.S. Nuclear Regulatory Commission Direct tel:  (412) 374-4643
r -.
'4 Document Control Desk . Direct tax: (412)374-4011
P Washington, DC 20555-0001 c-mail:  greshaja@westinghouse.com

Our ref. LIR-NRC-07-49
September 14, 2007

|

f

I

! :

| Subject: Response to NRC’s Request for Additional Information By the Office Of Nuclear Reactor Regulation for
f§ Topical Report WCAP-14565-P-A Addenduin 2. “Addendum 2 10 WCAP-14565-P-A Extended

: Application of ABB-NV Correlation and Modified ABB-NV Correlation WLOP tor PWR Low

Pressurc Applications™ (TAC No. MD3184) (Proprietary/Non-proprietary)

Enclosed are copies of the Proprictary and Non-Proprietary response to NRC's Request for Additional Information By
the Office Of Nuclear Reactor Regulation for Topical Report WCAP-14565-P-A Addendum 2, *Addendum 2 1o
WCAP-14565-P-A Extended Application of ABB-NV Caorrelation and Moditied ABB-NV Correlation WLOP for
PWR Low Pressure Applications.”

Also enclosed 1s:

. . One (1) copy of the Application for Withhelding, AW-07-2330 (Non-proprietary) with Proprietary
Intormation Notice.
2. One (1) copy of Affidavit (Non-proprictary).

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

Correspondence with respect to the affidavit or Application for Withholding should reference AW-07-2330 and
should be addressed to 1AL Gresham, Manager, Regulatory Compliance and Plant Licensing, Westinghouse Eleetric
Cowmpany LLC, P.O. Box 355, Pittsburgh, Pennsylvania 153230-0355.

} Very truly yours,
P Y.
I NI R
i // A. Gresham, Manager
Regulatory Compliance and Plant Licensing

ce: A. Mendiola, NRR

}

! | HEnclosures

H

1. A. Attard, NRR
!

i

{

{

J. Thompson, NRR
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Nuclear Services

west in ghouse | Westinghouse Electric Company

P.0.Box 355
Pittsburgh, Pennsylvania 15230-0355
USA

U.S. Nuclear Regulatory Commission Direct tel: 412/374-4643

ATTN: Document Control Desk Direct fax: 412/374-4011

Washington, DC 20555 e-mail; greshaja@westinghouse.com

Ourref. AW-07-2330
September 14, 2607

APPLICATION FOR WITHHOIL DING PROPRIETARY

INFORMATION FROM PUBLIC DISCLOSURE

Subject: LTR-NRC-07-49 P-Attachment, “Respanse to NRC’s Request for Additional Information By the Office Of
Nuclear Reactor Regulation for Topical Report WCAP-14565-P-A Addendum 2, ‘Addendum 2 to WCAP-
14565-P-A Extended Application of ABB-NV Correlation and Modified ABB-NV Correlation WLOP
for PWR Low Pressure Applications’ (TAC No. MD3184) (Proprietary)”

Reference:  Letter from J. A. Gresham to Document Control Desk, LTR-NRC-07-49, dated September 14, 2007

The application for withholding is submitted by Westinghouse Electric Company LLC (Westinghouse) pursuart to the
provisions of paragraph (b)(1) of Section 2.390 of the Commission's regulations. 1t contains commercial strategic
information proprietary to Westinghouse and costomarily held in confidence.

The proprietary material 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-07-2330 accompanies this application for withholding,
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 this application for withholding or the accompanying affidavit should reference AW-07-
2330 and shauld be addressed to 1. A. Gresham, Manager of Regulatory Compliance and Plant Licensing, Westinghouse
Electric Company LLC, P. O. Box 355, Pittsburgh, Pennsylvania 15230-0355.

Ver} truly yours,,

i L‘
k’\ TS \,; b

/J A. Gre<ham Manager
; Regulatory Compliance and Plant Licensing

Cc: A. Mendipla, NRR
A. Attard, NRR
). Thompson, NRR
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AW-107-2330

AFFIDAVIT

: COMMONWEALTH OF PENNSYLVANIJA:

Ss

COUNTY OF ALLEGHENY:

| Before me, the undersigned anthority, pcfsonally appearcd J. A, Gresharg, who, being by me duly sworn according
| to law, deposcs and says that he is authorized to exceute this Affidavit on behalf of Westinghouse Electric Company LL.C
(Westinghouse) and that the avermenis of facl set torth in this Affidavit are true and correct o the best of his knowledge,
‘? imformarion, and belicf:
|
3 : 4T g
‘_’}"&\ A e

/:J A. Greshain, Manager

’ Regulatory Cowphance and Plant Licensing
5
' Sworn to and subscrbed

before me this /4 day
of \SZ%M 2007.

otary Public

|

¥

|

| y

g ot &AM

COMMONWEALTH OF PENNSYLVANIA
HNotarial Seal
Margaret L. Gonznp, Notary Public
Manroeville Bora, Allegheny Caunty

1 My Commission Sxpires Jan. 3, 2010 ]

Member, Pennsylvaniz Association of Notaries
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I am Manager, Regulatory Compliance and Plant Licensing, in Nuclear Services, 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

rulemaking proceedings, and am authorized to apply for its withholding on behalf of Westinghouse.

1 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” 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
furmished for consideration by the Commission in determining whether the information sought to be withheld from
public disclosure should be withheld.

0 The information sought to be withheld from public disclosure is owned and has been held in confidence by
Westinghouse. ’
(1) 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 1t 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 constitutes

Westinghouse policy and provides the rational basis required.

Under that systent, 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 Westinghouse's competitors without license

from Westinghouse constitutes a competitive economic advantage over other companies.

{b) Tt 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 1n the design, manufacture, shipment, installation, assurance of quality, or licensing a

similar product.
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(v)

Q)
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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.

There are sound policy reasons behind the Westinghouse system which include the following;

@

®

©

(d

O

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 which 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.

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 promimence 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 n obtaining and maintaining a competitive advantage.

The information 1s being transmitted to the Commission in confidence and, under the provisions of 10 CIR

Section 2.390, 1t is to be received in confidence by the Commission.

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.
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The proprietary information sought to be withheld in this submattal is that which is appropriately marked
LTR-NRC-07-49 P-Attachment, “Response to NRC’s Request for Additional Information By the Office Of
Nuclear Reactor Regulation for Topical Report WCAP-14565-P-A Addendum 2, “Addendum 2 to WCAP-
14565-P-A Extended Application of ABB-NV Correlation and Modified ABB-NV Correlation WLOP for
PWR Low Pressure Applications’ (TAC No. MD3184) (Proprietary),” for submittal to the Commission,
being transmitted by Westinghouse letter (LTR-NRC-07-49) and Application for Withholding Proprietary
Information from Public Disclosure, to the Document Control Desk. The proprietary information as
submitted by Westinghouse Electric Company is that associated with response to NRC’s Request for
Additional Information for WCAP-14565-P-A Addendum 2.

This information 1s part of that which will enable Westinghouse to:

(a) Obtain generic NRC licensed approval for the ABB-NV Extension Correlation and WLOP
Correlation. i
®) Assist customers in improving their fuel performance (zero defects).

Further this information has substantial commercial value as follows:

(a) Westinghouse plans to continue to implement corrective actions to ensure the highest quality of
fuel in order to meet the customer needs.

(b) Assist customers to obtain license changes.

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
1o be performed and a significant manpower effort, having the requisite talent and experience, would have to

be expended for developing the enclosed improved core thermal performance methodology.

Further the deponent sayeth not.
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PROPRIETARY INFORMATION NOTICE

Transmitted herewith are proprietary and/or 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 1s 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 versibns 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)(i1)(a) through (@)(i)(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
coptes 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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Response to NRC’s Request for Additional Information
By the Office Of Nuclear Reactor Regulation
For Topical Report WCAP-14565-P-A Addendum 2,
“Addendum 2 to WCAP-14565-P-A Extended Application of
ABB-NV Correlation and Modified ABB-NV Correlation WLOP
for PWR Low Pressure Applications” '
(TAC No. MD3184) (Proprietary)

- September 2007

Westinghouse Electric Company
P.O. Box 355
Pittsburgh, Pennsylvama 15230-0355

© 2007 Westinghouse Electric Company LLC
All Rights Reserved
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Response to NRC’s Request for Additional Information
By the Office Of Nuclear Reactor Regulation
For Topical Report WCAP-14565-P-A Addendum 2,
“Addendum 2 to WCAP-14565-P-A Extended Application of
ABB-NV Correlation and Modified ABB-NV Correlation WLOP
for PWR Low Pressure Applications” (TAC No. MD3184) (Non-Proprietary)

RAI #1: Please deﬁﬁe the ‘re-evaluation’ referred to in section 2.0 (page 3 of 118) of the WCAP.
Specifically what criteria were used to evaluate which CHF data would and would not be used
for development of the WLOP correlation? \

Response: To determine the database for the WLOP correlation, the [
] a,c
Reference:
1. CENPD-387-P-A, Rev.00, “ABB Critical Heat Flux Correlations for PWR Fuel,” May, 2000.

Page2 of 8



RAI #2:

Response:

RATI #3:

Response:

WCAP-15306-NP-A Addendum 2-NP-A

Tests 190 and 175 were examined to provide a data base for the ABB-NV with rods of
diameters not originally considered in the ABB-NV correlation. The database for WLOP
(Table 2-2 on page 6 of 118) contains no test points with rod diameters of 0.360 inches. Will
the WLOP correlation be used for Westinghouse fuel of this size? If so please justify the use of
the WLOP correlation. |

The WLOP correlation was developed with a large geometric range. The primary geometric
parameter that determines applicability for a fuel design with different rod diameter is the heated
hydraulic diameter ratio, [ 1% °. From Table 5.3-6, the correlation data range for this

parameter is:

Parameter Applicable Range

‘Heated Hydraulic Diameters Ration, | ]1* 0.679 to 1.00

The Westinghouse fuel with a rod diameter of 0.360 inches has heated hydraulié diameter
geometry that falls within the applicable range of the WLOP correlation. The heated hydraulic

diameter ratio is [ |kl

. Since the fuel design falls within the applicable geometry range,
the WLOP correlation will be used for Westinghouse fuel of this size. The application of the
ABB-NV correlation, developed with the same geometric database, to the CHF test data from
Tests 190 and 175 demonstrates that the correlation is applicable -for fuel designs that have
different rod diameters and heated hydraulic. diameters. It is noted that Tables 4-5, 5.3-6, 6.2-1
and Figure 5.3-6 include values of the matrix channel heated hydraulic diameter, Dhm. The
appropriate range for this parameter, for WLOP applications, should be the same as that depicted
in Figure 5.2-6 for the ABB-NV Extension. Trend plots confirm that the correlations are not
sensitive to an extended range of Dhm that represents the current Westinghouse fuel designs.
Therefore, the WLOP correlation applicable geometric range is set by the Heated Hydraulic
Diameter ratio of 0.679 to 1, the similar to ABB-NV. The applicable ranges of WLOP and ABB-
NV are summarized in the abstract section of the topical report. In the final report, Table 6.2-1
will be modified to be consistent with the WLOP applicable range given in the abstract.

Section 4.2 describes the ABB-NV correlation (page 31 of 118). Some of the inputs fo this

correlation are based on the location of CHF, while it is the equation itself which outputs the
CHF. How do you know the location of CHF before you solve for it?

The location of CHF or minimum DNB ratio (MDNBR) is not known without calculating DNBR
for the entire length of the bundle using a correlation and a thermal-hydraulic sub-channel code.
For each test in the ABB-NV correlation database, a sub-channel code (TORC and/or VIPRE)
model of the geometry is used to compute the local flow conditions at each axial node in the
bundle. At each axial node, ABB-NV DNBR is computed with the input of the distance from the
beginning of the heated length (HL) and the distance from the leading edge of the upstream grid
(DG). The correlation database includes tests with different heated lengths and grid spacing to
provide a form and coefficients that computes the correct CHF over the range of the correlation
Page 3 of 8



RAI #4:

Response:

Reference:

WCAP-15306-NP-A Addendum 2-NP-A
parameters. The location of CHF or the location of the MDNBR is then determined as the axial
node having the lowest DNBR with the correlation. A

Please describe the phenomena behind Figure 4-1. In other words, why is pressure responding
the way it is?

[ ] *" ¢ shown in Figure 4-1 of the topical
report 1s a well known phenomenon and has been observed by others in the industry. Section
10.6.3.2 of Reference 1 provides a summary of the previous investigations. It is generally
understood that the pressure influence on CHF is related to the fluid properties. In the low
pressure tests, CHF as a function of pressure curve rises with increasing pressure, passes through
a maximum, and then drops off. Depending on the Prandtl number, the maximum point is
between 500 and 1000 psia, consistent with [ | i
shown in Figure 4-1 of the topical report.

1. Y. Y. Hsu and R. W. Graham, “Transport Processes in Boiling and Two-Phase Systems Including Near-
Critical Fluids,” American Nuclear Society, 1986, pp.311-312.

RAI #5:

Response:

Also, Figures 4-2 through 4-5, do not include M/P behavior Jor 17x17 fuel. Does that mean
that the WLOP correlation will not be used for this fuel type?

Figures 4-2 and 4-3 are trend plots generated with the correlation database used to demonstrate
the need for additional terms, relative to the existing ABB-NV correlation form, to correctly
predict CHF at the low pressure conditions. These form changes are described in Sections 4.2.1
and 4.2.2. The 17x17 data for the fuel geometry with no vane (Test 190} is part of the validation
database. These data are included in the final correlation trend plots in Chapter 5 and are
included in the evaluation 6f the DNBRy; limit. Mixing vane data with 17x17 fuel geometry with
and without intermediate flow mixers (IFMs) are included in Table 4-5. The data without IFMs
are shown in Figures 4-4 and 4-5. Based on the data from Test 190 and the MV data shown in
Table 4-5, the WLOP correlation is applicable for the 17x17 fuel and WLOP will be used for this

fuel design.
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RAT #6:

Response:

WCAP-15306-NP-A Addendum 2-NP-A
Figure 4-4 shows the effect of pressure on M/P ratio for MV data on the WLOP correlation.
The lowest pressure for which data has been taken is much higher than requested range of the
correlation. Also, there appears to be a trend which suggests that the M/P ratio will continue
dropping off at the lower pressures between the low end of the correlation and the lower
pressure data points (assuming this trend holds, which may not be). Please provide additional

information justifying the use of the WLOP correlation in this region.

Figure 4-4 shows that the WLOP correlation provides accurate predictions of the low pressure
MYV data from different rod bundles, even though those data were not included into its database.
The available data at the pressure of 750 psia were obtained from the rod bundle Test 164 in
Reference 1 that simulated a Westinghouse 17x17 fuel design with mixing vane (MV) grids. [

] a,b, c

Westinghouse has investigated available PWR DNB test data and BWR dryout data in order to
evaluate the impact of mixing vanes on low pressure performance. The evaluation based on
additional PWR DNB data is first discussed below.

For further confirmation of the WLOP applicability, additional low pressure data with MV grids
from Test 165 of Reference 1 were evaluated with the WLOP correlation. Test 165 is another rod
bundle test with MV grids for the Westinghouse 17x17 fuel design. The M/P results are shown in

. the attached table and are added to the M/P versus pressure plot in Figure 4-4, The WLOP M/P

ratios are conservative for the low pressure MV data. The MV data analysis shows that the
WLOP 95/95 DNBR limit of 1.18 in Section 6.2 of the topical report bounds the MV test data.

MV Test 165 (EPRI NP-2609)
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WCAP-15306-NP-A Addendum 2-NP-A
Additional MV Data Added to Figure 4-4

a,b,c

Westinghouse has no available PWR DNB data from rod bundles with MV grids below 700 psia.
Effects of mixing vanes at low pressure were further evaluated with the dryout CHF data for
Westinghouse BWR fuel designs with MV and NMV grids. Westinghouse SVEA-96 Optima2
fuel design contains spacer grids with mixing vanes. The crntical power data for the SVEA-96
Optima?2 design are listed in WCAP-16081-P-A (Reference 2). The critical power data for the
SVEA-96 Optima2 design were compared to a similar fuel design containing spacer grids without
mixing vanes, the SVEA-96 Optima design. The dryout data for the two designs have been taken
at pressures as low as 365 psia. To provide a relative comparison for the two designs, the
comparisons were performed using data from tests with the same cosine axial power shape and |

] * € power distribution. Based on all the data, the design with the mixing vanes,
Optima2, had the higher critical power performance | 1 *° To examine
effects of mixing vanes at the lower pressure, the geometry of the test sections and the test
conditions at critical power were input into the VIPRE code and the CHF differences between the
MV and NMV data were evaluated with the WLOP correlation. The measured to WLOP
predicted CHF at the critical power test conditions were computed for the test data at pressures

below 900 psia. The results are shown in the figure below:
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—a,b, ¢

4

As seen in the figure, the grid design with the mixing vanes had higher performance-at pressures
down to 360 psia, and the WLOP M/P values for the MV data are [ ]1™°¢ The M/P
comparison was made'to demonstrate that the MV data had better CHF performance than the
non-MYV data, although WILLOP-will not be used for any BWR fuel design application.

For the evaluation, only the data within the WLOP correlation parameter range were examined.

The parameter ranges for the BWR data examined are shown in the table below:

Parameter BWR Data Examined WLOP
Pressure (psia) 360 to 880 185 to 1800
Local mass velocity (Mibm/hr-ft") 03to1.35 0.23 to 3.07
Local quality 0.3 to 0.745 < 0.75
Heated length, inlet to CHF location (in) 48% to 150 48* to 168
Grid spacing term, GST 59t074 2710115
Heated hydraulic diameter ratio, [ }1%0.700 to 1.00 0.679 to 1.00

Evaluations of both PWR and BWR data from rod bundles containing MV grids confirm that the
WLOP DNB predictions are conservative at the low pressure. The WLOP correlation with a
95/95 DNBR limit of 1.18, developed based on non-mixing vane grid data, is applicable for
Westinghouse PWR fuel designs with mixing vane grids over the correlation pressure range.

Reference:

1. C. F. Fighetti and D. G. Reddy, “Parametric Study of CHF Data,” EPRI NP-2609, Volume 3 Part 1, 1982,
pp- 758-762.

2. WCAP-16081-P-A, “10x10 SVEA Fuel Critical Power Expeﬁmehts and CPR Correlation: SVEA-96
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Optima2,” March 2005.

RAI #7:

Response:

WCAP-15306-NP-A Addendum 2-NP-A

y

In Table 5.2-5, the standard deviation from subset 1 does not agree with the standard deviation
Srom subset 1 given in Secfion 5.2. Also using the equation given in 5.1.4.1 to calculate
DNBR,s results in a different answer than that given in Table 5.2-5. Please provide an
explanation.

The correct value for the standard deviation in Table 5.2-5 is [ 1>

, the same as given
in Section 5.2. The value in Table 5.2-5 will be corrected in the final approved version of the
report. Application of the equation given in Section 5.1.4.1 to calculate the DNBRys limit with

the corrected value for the standard deviation results in the answer given in Table 5.2-5.
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