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Abstract

This report -desciibes the development of ‘Westinghouse Next, Generation. Critical Heat Flux (CHF).
correlation (WNG=1) for Pressurized Water- Reactor (PWR) fuel -designs containing :structural mixing

vane (I\/IV ) grids:and. Initerniediate Flow Mixer (IFI\/I) gnds with split vanes, The WNG-1 correlation:was:

developed:for the' Westinghouse Next Generation Fuel; but:can:be used for-current fuel designs.containing;
split varie grids that are enveloped by the database: The WNG-1 correlation coefficients were derived
with ‘the Westinghouse version. of the VIPRE-01 (VIPRE) subchannel code.  The: correlation ‘was:
developed based on CHEF test data obtained from the Heat. Transfer Research facility of ‘Columbia
University: The tests.simulated 4x4, 5x5 and:6x6-arrays.of the fucl:assembly;geometry, sp"lit"v_ane,miﬁn_g‘
grids; uniform: and non-uniform; axial power shapes, fion-iniform radial power distributions, with' and
without :guide thimbles, varied heated lengths: and. grid spacing. 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 varidbles. The same correlation form: has been previﬁous'ly'vused for:
other PWR fuel designs, The correlation includes the following variables: pressure; local mass velocity,
local quality, a: grld spacing term «(GST), heated length. from .inlet to CHF Jlocation and. the ‘heated
hydraulic diameter ratio*of the; CHF ‘channel:. The grid spacing termi;:GST, is defined:as the [

1%% The heated hydraulic diameter ratio.is defined as the

1% Spec1al geometry terms are applled to:the: correlatlon to:account:for grld spacmg, heated.
length, and cold wall effects. Based -upon. the uniform and: non-uniform: -data [

1*5 an optumzed non-uniform shape factor; F¢; is developed for the: spht vane mixing g 0r1d

geometries covered by:the correlation. The:95/95 DNBR: limit for:the WNG-1 CHE correlation is_ 1. 14.
The WNG-1 correlation, will be used with. Westinghouse: versioii of the VIPRE: code: ‘The range of
applicability for the WNG=1 correlations 1s summarized as follows: :

Parameter WNG-1 Correlation Parameter-Range
Pressure (psia): 1405: to '2495:

Local mass velocity (Mlbm/hr= ftz) 0.799°t0 3.72

Local quality (fraction): <10.43.

Heated length inlet to €HF location: (inches) 48% to 168
Grid'spacing:(inches) 6.4 0. 26

Heated hydraulic diameter-ratio, [ ]® 0.85 to 1.00

Matrix Heated Hydraulic. Dlameter Dhm, (inches): 0.46: to :0:53

Grid Spacing Term; GST [ e 2 26.5:

* ‘Set:as Minimum HL value; applied at all elevations:below 48.inches
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1.0 Introduction

This. report describes the developmerit-of'the Westinghouse Next Generation Critical Heat Flux (CHF).
correlation (WNG-1) for Pressurized Water'Reactor. (PWR): fuel designs :containing ‘structural mixing

- vane (MV) grids;and Intermediate Flow Mixer (IEM) grids. A‘CHF correlation'is also ¢ommonly teferred

to as a.Departure from Nucleate:Boiling (DNB) correlation. The WNG-1 correlation was developed for.
the Westmghouse Next Generation Fuel, ‘but ¢an be used for cutrent. des1gns contammg spht vane grlds;
that are:enveloped by ‘the:database. The split-vane.designs, included in:the WNG-1 correlation: database;,
are illustrated in Flgure 1-1. The:WNG-1 correlatlon forim is cssentlally the 'same; as the. WSSV and
WSSV:T. correlations. for Combustion Engineering PWR (CEPWR) fuel designs. containing :grids ‘with
s1de-supp01’ted vanes; Reference 1. Ad_]ustments to the coirelation. form are dueto the differences: in: the
grid mixing-vane design and the thimble tube geometry: The.correlation coefficients were derived: with
Westinghouse version of the: VIPRE-01.(VIPRE) subchannel code, Reference 2.

This correlation was developed based:on Westinghouse Critical Heat Flux (CHF) test-data obtained from
the ‘Heat Transfer Research Facility of Columbia University. The: test data -used :.in: the: correlation:
development and validation are from 4x4, :5%5 :and 6x6 rod bundles 51mulat1ng the: Westmghouse PWR
(W-PWR) fuel designs. The Westmghouse Next: Generation Fuel (NGF) 17x17 design:may- contain.2
IFM grids located consecutively in a grid span between two MV-grids. To provide sufficient data to cover
different .grid spacings, the ‘WNG-'I.-;datab’a»sc_ also-contains :previous CHF ‘tests for -existing, fuel designs:
Tests were performed with uniform and non=uniform axial power shapes;for test arrays with and without
guide thimbles. ’The-‘testv,secﬁons%:ha_v_ef heated lengths rangihg:.ﬁom 96 inches to 168 hdhes;z_grid spacing

- of 6.4 inches to26'inches, and rod diameter ranging from 0:360-inches to 0.423 inches.

contents of the report

1.1 - Need for-New: Cbrrelati'on-
The WNG-1 correlation was:developed for'the.following reasons:

1) A new correlation is needed to accurately reflect thermal petformance of the Next. Genération
' Fuel (NGF) designs:with the split-vane grids. The'NGF design may have up to three grid-span
valugs over the length . of the bundle, For- example for the 1717 NGF 5-IFM design ‘with a°
nominal heated.length of 12 feet, the lower: reglon has 20.55 inch.grid spacing, the center region.
has' 10:28 inch gnd spacing and the: ‘upper region. has grid spacingas low as: 6.4 -inches.
2) The new correlation:should be- apphcable to a wider parameter range than the existing correlation
' (e.g.,Jocal‘quality higher than 30%}; in support of extended power uprate.

Piige‘-l of 82:
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Westmghouse ‘has; developed several new fuel des1gns collectlvely identified as the Next Generation Fuel
Design in. 16x16° and 17x17 lattices. | - ]1®° shown:in Figure-1-1 are
covered by the WNG-1 cotrelation database. For the NGF demgns grid; spacing’ varies. dependmg O
number: of IFM grids in. a grid span. A new DNB correlation is needed ‘to- accurately reflect: thermal
margin of the NGF design.

To develop a correlation for these: des1gns CHF test data:were taken ‘with.the NGF grid;and fuel dimgns,

at the Heat Transfer Research. Facility of Columbia University. Since:the correlation:needed to cover:a:
large range of grid spacing, mixing grid data frori previous testinig were included in therdevelopment of
the final correlation form and constants to. make the correlation robust and to: cover the W-PWR fuel
designs with the 0.422 irich rod diameter. The database also included the:data for the.17x17 Robust Fuel
Assembly (RFA) design, Reference 3, and the. data: for the 17x17 and 16x16 designs -in Europe as
documented in Reference 4. All of those fuel designs use grids with split vanes:

Both uniform and non-uniforr’axial power data were included in the database for the WNG-1 correlation.
This provided the data required to develop:an optimized non-uniform:shape factor, Fg, for the correlation.
The data at the measured elevation [

] * the single:tube and annular
geometry-used in the development of-the: Tong non-uniform ‘shape:factor;;iReference\,f-S,'; The data; at the.
measured clevation were then used to:optimize the non-uniform shape:factor for the split vane data; with
small thimble tubes. ” ”

The WNG-1 correlation has been developed pr‘imarily for application- for: 'the new NGF fuel designs-- "The
covered by its database Smce the correlatlon 1. developed w1th multlple fuel des1gns 1t is. con51dered to
be: apphcable for the designs that fall within the’ ‘parameter range. The WNG-1 correlation is: considered.
to be-applicable.to the following:designs:

. W:PWR Next Generation Fuel (NGF).or Upgrade:designs with 0.360, 0.374 and 0.422-
inch.diameter rods;iand spht vane'mid-grid designs.
‘. Westinghouse: 17x17 Robust Fuel.Assembly (RFA) designs at high quality :and/or low:

flow (outside the tange of the WRB-2M correlation, Reference 3):

Howevet, the WNG-1 correlation does not supersede iany existing correlations, Reference 3; 6 of ‘7,
applied for the current fuel designs.

1.2 The WNG:1 PWR CHF Correlation

Similar to the WSSV correlation.for the CE-PWR NGF fuel design, Reference 1, ﬂlev‘WNGr‘I correlation:

is based on the ABB-NV correlation form. To:account for effects of the smaller guide:thimble geometry -
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and variable grid spacing on the non-uniform shape factor, modifications to‘the: WSSV correlation form
are made A d@scrip'tion 'of the Westinghouse CHFE "t‘estS' supporting the- "WNG'-'I‘ correlation 18:

terms,; espec1ally_t gnd s_pacmg,‘for the correlatlon form.and for vahdatlon.

Section:3-describes the'modification of'the WSSV correlation form:for application with'split-vanes with a:
small guide thimble and the optimization of the coefficients for'the WNG-1 correlation and the validation
of{the)oorrelat‘ion,;. As stated ébove5 the correlation. form is based on:the.form used in References 1 and: 8§
for the ABB-NV, ABB-TV atid WSSV correlations.. ‘The: forni: is empirical -and, is based solely on
experimental observations: of the relationship between the measured CHF and: the: corrélation. variables..
Similar to’'the: WSSV correlation, the correlation form:assumes that there is a linear relationship between
CHF and local quality [ |

] *. The correlation includes the following:variables: pressure, local

‘mais,;sif‘vélbcitys logal quality, a grid spacing term, heated length from inlet to CHF location and the heated

hydraulic:diameter ratio-of the CHF channel.. The :grid;‘spaciﬁgf-f,termé»‘ GST, is. defined.as the [

| ®¢. ‘The heated hydraulic- diameter ratio is defined as-the.
L ] **. The F¢ non-uniform
shape:factor is.also optimized for the:split-vane.data with the small thimble fuel geometry -and.applied to
the correlation to account: for the effects of non-uniform ax1a1 ;power shapes [

] a,c

All test data were evaluated by using‘the Westinghouse thermal hydraulic code, VIPRE-01.(or“VIPRE),.
Reference 2." VIPRE was used to. compute the local coolant conditions for the: CHEF test sections. A
VIPRE model was. prepared.for each:test section and. appropriate:empirical grid mixing factors: for: the
splitvane designs were input into the model.

Section'4 summarizes the statistical evaluation for the WNG-1 correlation and determination of the 95/95
DNBR limit.. All'the statistical tests are-standard statistical methods. that-have:been previously. applied for
other NRC-approved correlations. Tests for normality were performed:to check the hypothesis: that the
data are: normally distribited. 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
limit: Descriptions: of the statistical tests applied are. given in. Section- 4. The 95/95 DNBR limit is:
determined-| 1 %% Sinceall
data grouped by geometry, could be pooled, based. on the applied statistical tests; the 95/95 DNBR limit
for the WNG-1 correlation was based-on the final database and.determined to be-1.14. Scatter plots of the
ratio of measured to predicted (M/P) CHF versus correlation-variables were also-tade to illustrate that the
ratio does not show-any trends relative to correlation variables.

Section 5 discusses how thie: WNG=1 correlation is to be- applied in plant safefy analyses or reload
analyses. Conclusions are presented in Section 6 and Referencesiaré given in-Section 7.
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A detailed summary of the coitelation and validation databases for the WNG-1 correlation.is given. i
Appendix A: The statistical output of the 'WNG=1 :correlation. is: given in. Appendix: B. A -detailed:
summary of the test section radial and axial power distributions is given in Appendix C.

Figure1:1
Description-of Split Vane Designs

Page 4 of 82
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2.0 Description of CHF Test Program and Test Section Géometry

All the'CHF experiments were condiicted at Columbia University’s Heat Transfer Research Facility, The
WNG-1 correlation.is based upon.a re-evaluation of:CHF data from tests that spanned the period from.
1990 to 1996:and riew- data from tests' performed n 'the perlod 1998 to 2003. The validation tests for the
WNG-1 correlation were performed over the period of 1970.to 2001. A.description of the test facility for.
the later tests, after' 1990; can be fouid in Reference: 8 A detailed. descrlptlon of the:facility for the tests
performed in the 1970’s:1s given in Reference 9.

2.1 ‘Description of 'I_"yjpical‘ Test Sections:

The correlation:form was based.on the: WSSV, form: in Reference: 1, but was modified to account for. the
effects of the split vanes and small thimble; as: summarized in Sectioni 3. The data used for the
determination-of the primary coeflicients:during development of the:WNG-=1 corrélation.were-obtained from:
nineteen: test.bundles, seven with a uniform’ axial power shape and twelve with non-uniform axial power,
shapes. Nine of -these ‘test bundles. were also used in existing correlations .such: as the: WRB-2M,.
Reference 3, and the: ABB-X2 for European application; Reference:4. - The test sections: in the correlation
database:simulate a '5x5 or 6x6-array of the Westinghouse fuel assembly geometry with split vane mixing
grids: Sixteen of these test sections ate representative of the Westinghiouse-fuel assemibly with 0.374 inch
O.D: heated. rods, 0.496.inch rod.pitch, and 0.474 —0:482 inch OD: guide-thimble. Two:test sections are:
representatlve of the W&stmghouse fuel; assembly geometry: with 0.360"inch, O.D. heated rods, 0:485 inch
rod pitch and 0.471 ‘inch O.D: guide thimble. One test:section is representative of'the. Westinghouse-fuel:
assembly: geometry with a.0.423 inch O:D. heated rod and.0.563 inch rod pitch: One test was performed to
examine the 1mpact of:short gnd spacing,.two.IFM grids in each:structural g_ridt.span; -with the Westinghouse
assembly geometry of 0.374 inchi O.ID. heated rods, 0.496.inch rod pitch and.0.482 inch O.D: guide thimble.

The ‘data used to validate the WNG-1 correlation wete obtained from seven fest bundles, three with, a
uniform :axial power shape and four with non-uniform axial power shapes. The validation database test |
sectionsssimulate a 4x4, 5x5: or 6x6 array.. of the W&stmghouse fuel assembly geometry with a Spllt vane
design, [ T * ¢, mixing: grids. - The; validation database: is approximately 29% of' the
correlation database: The Vali@étion database was selected to demonstrate the- WNG=1 correlation 1s robust
and predicts data-well for-conditions:that are slightly outside the parameter range in the correlation database:
Three of ‘these test bundles: were used in’ the development of ‘the: WRB-1 and WRB-2 correlations;
Réferencés'6-and. 7, and have an older Inconel grld des1gn Additional validation tésts, (Tests 83 and 102y
are' split vane designs that are used outside the United-States. Fiveof these testsections are representative of
the: Westinghouse fuel assembly with 0:374 dnch -O.D. heated rods, 0:496 ‘inch tod pitch, and 0:474 —
0.482/inch OD. guide thimble: Two of the test ‘sections are representative of ‘the Westinghouse -fuel
assembly geometry with 0422 inch O'D. heated rods:and 0.555-0:563 inch rod pitch.
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From the total of twenty-six tests examined, twelve of the tests were conducted. with' a simulated gulde

thimble:and-fourteen tests 'were conducted with simulated matrix subchannels:. Typical radial geometries for.

the Sx5test sections, with and without a. gulde thimble; -ate’shown: i Flgures 2:1.and 2-2. Typical radial

geometries for the 6x6 test'sections: with:the small thimble, with-and without:a. guide thimble; are shown.in

Flgures 2-3:and 2-4. A typlcal radial geometry for’ the 4x4 test sections, without a. gulde thimble; is shown:
1%

in Figure 2-5. The power split between the cold rods: and. hot:tods ranged from |

The radial power distributions for the individual tests aré given in Appendix:C. The norisuniform testswere
conducted ‘with multiple axial power shapes, as:shown:inFigure 2-6. The test section heated length for the:
tests;ranged from 96 irichiesito 168 inches. ‘The upstrearii grid spacing in the tests ranged from 6.4 inches:to

26 inches: The axial locations. of the test-grids: and rod:thermocouples for the individual tests are given.in
Appendlx A. A summary -of the test section geometry for the: twenty-s1x tests is shown in Table2-1. ‘The
datafrom the “comrelation” test sections were used to develop the coefficients:forthe WNG-+1 correlation..

The data from the “validation” test sections. weré used to; validate the «correlation.  Since Tests 100-102
provided.additional data-with the larger rod diameter-and larger:rod-pitch; producing:increased values of the:
matrix heated hydraulic:diameter; Dhm, these tests were:added to the:correlation-database for the correlation

statistical evaluation.

The test grids for all:the. Westinghouse tests are similar to'the production-grids of actual fuel designs. Some;

tests were performed with Zircaloy-4 or ZIRLO™ material and intermediate simple support (SS) grids were

used to prevent.excessive rod.deflection due to clectromagnetic-forces; Some test grids were made-of the

stronger Inconel 625 iniaterial and the intermiediate SS grids were hot fiécessary for minimizing rod bow ‘and.

deflection:

22 Test Procedure and Operation

Although the general test: procedure has not changed’ from: earlier tests; a- brief description of the ftest

procedures and operation for the more recent tests, after 2001 s provided below:

At the begintiing:of each test; cold flow-pressure ,,_dr,'oﬁ poinits were obtained .over a range of flow conditions..
At the start of each day: of testing, -a.repeat pressure:drop point is: taken for. comparison with carlier data..

These data provide isothermal grid span pressure drop-valiies to. compare with prediction and establish: a
base for comparison in case of a malfunction of the:rod bundle during the tests.

Heat balances were. performed on the test section fo: check all loop and bundle instrumentation :at- high
tempeiature anid power-and to check heat Josses: These runs weré accomplished at subcooled: conditioris
before' mixing or CHF data were obtained at the beginning of each day of operation. Mixing .or CHE.

testing g_enerally was not started until a test section heat 10ss:was [ ] ®¢. Heéat loss is defined as.

the‘fraction of heat generated by the rods that is lost tothe testsection'shroud walls.

Subchannel-mixing data were obtained at non-boiling:conditions for each test with.a uniform axial power

shape. Subchannél thermocouple data were recorded for each mixing test run afler'steady-state conditions.
were:achieved for a constant pressure; inlet temperature; mass velocity and power. Power was determined
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for-éach test coridition so the-calculated outlét temperature in the hottest ‘subchannel is close to the: value"
specified:in the:mixing testmatrix. ‘

Critical Heat Flux experiments-were performed by maintaini’ng the following system:conditions: constant::
test section-outlet pressure; ‘inlet temperature, and mass; flow: rate. The-total power to ‘the:test section is;
then.increased.until-a temperature-excursion.is observed by one or-more thermocouples. pos1t10ned ‘inside:
the heater rods. The amount. of the. éxciirsion: is approximately 10 to. 30°F 4nd varies depending: on
system'conditions. When the excursion is judged to be sufficient:for a CHF. data point; the power to the:
test section is: reduced. When the. -'temperéture excursion: is-minimal;. confirmation of the .\./ali'di'ty of a
CHF pomt is.obtained by observmg the: temperature decay with power: reductlon There is‘a charactensnc
temperature -decay with time as the CHF Zone is’ rewetted. This evidenice is considered con_firtmng An
cases where the temperature decay, pattern is typical. Otherwise; the experiment:is repeated.. ‘When: a:

CHF point i$: ¢ Q,served the: followmg measiitements -aré-recorded, while holdmg the test: section power
constant:
1 Recorded manually:: .
. test section outlet pressure;
. pressure-drop-across the Venturi flow meterfrom a:manometer
. test'section pressure drop: from a manometer
. rod(s) experiencing CHF.
2. Recorded by the data acqulsmon System:
. test:section voltage.
. bus:to-bus’ “voltage
. generator amperages
. inlet temperature
. outlet température
. outlet pressure transducers:
. turbine flow:meter
. Venturi flow ricter: transducer
s, testsection pressure drop transducers
. subchannél temperatuies:
. heaterrod temperatures.

The test. matrices were des1gned to:cover awide range.of operating conditions:and minimize peripheral rod
indications:
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Geometric Characteristics'of the WING-1:Correlation and Validation Tests.

Page 8 of 82:

: Rod. Rod Split  Heated Grid : GT* Radial :Shroud
; .:I_l;?s_t_ ATest Diamieter: Pitch. Vaiie: Léngth Spacing; ﬁﬁ;‘:ﬁe -Diamieter: éAhx;al Split Clearance Grid
oW ) @) Type i) i) ' (~in): P ‘oMot imy. T
Correlation Data*
Validation Data
* EPRITest # Reference 10, used for Test Identification, Data from Referénoes 6'and 7 Applied
Grid Spacifig Definitions;
X1y, = Two grid:spacings, x. and. y intest: o
X—y - Multiple grid spacing. from x’to’y. For tests 108 and 109, grid $pacings were [ Jere
xEly? - ‘Generally g_nd spacing of y,_blxt~last,gnd_1s xinches from-end ofheated lquth :(EOHL)/‘for uniform:test:

a, bic
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Figire2-1

.TypicaliR:idi':il'T,Geometry-‘ :
5x5 Matrix Test

Shroud

Clearatice

Test Section Width —

| A. 0°
Legend

. f— Rod Type, 1-Hot, II.-.Cold.
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Figure2-2
Typical Radial Geometry:
5x5 Guide Thimble Test

Test:
Section '§ "\

. Test Section ' Width , Sf]}oud
O’o , :Clearance

£ 2X7¥~ Rod.No.
X —— Rod Type; I - Hot, I1- Cold
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Figure2:3
Typical Radial Geometry
.6x6Mtrix Test

]

Tt |\
Section |

Height | 4

1

‘Clearance-
Legend

¥ 4 XX 3\ Rod No:. . .
| Rod Type, I Hot, 11 - Cold.
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Figiire 2-4.
Typical Radial. Geometry:
6x6 Guide Thimble Test:

Rod Didmiter
Section §22 T 23

RodPitch.

=J Shroud.
Clearance.

Test'Section Widih
0’
Legend

ERbd‘Noi -
- Rod Type; I Hot, i-Gold
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Figure 2-5
Typical Radial Geometry:
- 4x4 Matrix Test

Section.
- Height.

.0: > | Clearance

- Legend
N\ Rod No. .
— Rod Type, 1- Hot, II - Cold
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Axial Relative Powér Factos
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Figure 2-6
Axial Heat.Flux.Distribution
Non-Uniform Axial Power Shapes in WNG-1 Database

1.8
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30 Development of WNG-1 Correlation for Split Vane Mixing Grids

The WNG-1 correlation form was developed based on Westinghouse Critical Heat Flux (CHF) test data
obtained from ‘the Heat Transfer Research Facility of Columbia University. The tests »Were:.-nerformed
with simulated 5x5.and. 6x6 arrays of Westinghouse fuel. designs: containing 0 to 2 Intermediate: Flow
Mixing grids: (IFM. grids’)' between the: structural mixing grids All the grids used for. ‘the CHEF tests
contain a spht vang: mlxmg grld des1gn, [ ] ¢, in Fi 1gure 1-1. The correlation database
1ncludes tests w1th umform and non-unxform ax1al power dlstnbutlons w1th and w1th0ut gulde thlmbles -
apprommately 29% of the correlatlon database ‘was then used to: vahdate robustness of the correlatlon

The validation’ databas¢ includes tests' with unifori and non-uniform axial power distributions, with and
without guide:thimbles, heated.lengths from:96'to 168 inches:-and grid,spacing* from.10-to 26'inches. '

The functional form: .of the correlation is ‘based upen the: WSSV correlation. form. developed in:
Reference 1. To ‘account. for some geometric differences in' vane: design .and. guide thimble size; the
development of:the: form and. application for the WNG-1 correlation: are provided in.section. 3.1. "The:
functional form of the: CHE icorrelation is empirical and is based solely on’ experlmental observations ‘of
the relationship: between: the measured. CHF and. the correlation variables. Similar to the WSSV
cotrglation; the correlation form assumes that there is a linear relationship between:CHF and-local quality.
L

The correlation, includes the :following, variables: pressure;. local mass velocity, local -quality;. a- grid
spacing term, GST, heated lenigth from inlet to' CHF location and the-heated hydraulic' diameter ratio :of
tne CHF channel. The. grid spacing: term, ‘GST, is defined as the [ ‘

1 *:¢  The heated hydraulic diameter: ratio :is defined. as the. [
1 ™. The Fc non-uniformshape factor is ‘also
optimized for the split-vane data: with: the small thimble and.applied to the correlation to account for the
effects of non-uniform:axial power shapes [ %

31  Description.of Tests:Supporting Correlation-

A summary of the Westinghouse CHFtests:supporting the WNG-1 correlation is provided in Section'2-of
this ‘report. Figures showing the geometry of typical 4%4, 5x5 and 6x6 test sections. are also shown.in
Section 2. ‘The array of rods was placed. in a square metal shroud lined with unheated ceramic. walls,
Similar'to previous corfelations; the WNG-1 correlationis based upon-a sériés of tests that provide a good
representation of the thermal performance of Westinghouse fuel assemblies. The tests were run with grids.
made of Ziréaloy material with simple support grids placed between the test grids or-with test grids made
with the stronger Inconel 600, or 625, material to minimize the rod deformation. Both of these changes
Pr_‘byi.ded_,a;:gpod rép'resentation of ‘the thermal performance of Westinghouse fuel assemb'ly"in.thereact()r.-
For the' tests ‘in’ the correlation database, the rod to wall gap was sized to minimize the risk,of DNB
dccurring: on peripheial rods: that are nOt,_»repre'Sentafi\{é of ‘the: fuel aSsemny, while 'maintaini'ng; sirnilar
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hydraulic:resistance in the grid region for peripheral and interior subchannels. The:relative radial power
s_pl'it'?be'tweenzcold and hot:rods rarlged‘:fr'om«.approximately‘{[‘ ] **“to minimize the risk of
DNB occurring on peripheral rods. The radial power split'was created by using tubes with differerit wall
thickness. The tubing: was heated by passingg;ibc current.through the-tube walls. Inconel 600 and 625
tubing was used in the-construction of the heaters. Thetheaters were filled with alumina cerainic cylinders
to maintain rod geometry, ‘prevent ‘deformation: :during: testing; and to isolate the. CHFE -detecting:
instiumentation frofi-the tubmg inner wall.

Eor uniform-axial power. shape tests, cold rods [ ' ] *had &’ smgle thermiocouple
positioned 0.5 inches upstream: of:the: end:of heated length. Hot rods (relative power factor- 1.00). had
quadrant thermocouple instrumentation’ located (0:5 inches: upstream - of the end of heated. length and. a
single-thermocouple located near-mid-span of: the last structural’ gnd span. For the non-uniform axial
power shapé test, non-directional type thermocouples were used in cold and hot rods- at various; axial
levels. The location.of the rods: with quadrant thermocouple instrumentation.and theaxial locations of
thermocouples:for the specificitests areshown in Appendix C.

Mlxmg tests: were: also performed for test:sections with -a: uniform axial power shape: to determine: the
empmcal mixing factors (inverse: Peclet:number; Pe, or-equivalent Thermal Diffusion Coefficient, TDC)
for the spht vane ‘grid: To ‘evaluate: the: subcooled subchannel mrxmg, a: thennocouple was. installed in.
cach subchannel at the end. of the heated. length. fo measure: subchannel outlet. temperature. A
thermocouple support grid was used to locate these thermocouples:in the:center of the:subchannels.

Since the WNG-1 correlation needed.to cover fuel designs with grid spans having 0-to 2 TFM grids, CHF
test data for split vane fuel assembly designs from previousa fes‘ting; were: included. in the. correlation
database, Table 2-1, to:make the correlation robust. The:database contains the data from the WRB-2M
correlation,. Reference 3,. and. data. for the 17x17 and. 16x16' designs in- Europe; ABB-X2. correlation,
Reference4. The correlation:database for the WNG-1 (Westinghouse NGE);correlation was selected from
Westinghouse CHF:tests based.on several:criteria: |

L. Correlation: database includes:all data taken: with-simulated:5x3 -arrays for the 17x17 and
16x16 NGF split vane fuel assembly designs.

2 Correlatlon database should incliide: CHF. data from, tests that aré-used. 1o .evaluate the
split vane mixing:data.

3. Correlation: database should include: CHF data:with different rod and hydraulrc diameters.
and guide thiimble sizes to expand geometrrc range:

4, Correlation' database should include: cosine: data. for 0.374*rod with.one IFM between

structural; grrds to approprlately cover fanige of. 0:t6.2 IFM. gnds per nominal grid span for
the 17x17 designs..

5 Correlation' should include different; heated lengths for' uniform: axial data to expand
quahty range. :

The correlation:database for theNGFspht vane coﬁela'tit)‘_n?.WNG- 1, s given'in Table 2-1.
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The primary ‘intent of the validation was to-demonstrate the correlation is; robust. To develop a separate:

-validation.database-for:the. WNG:1:correlation, validation tests are-selected to:

Provide additional data for geometry with 0.422 in diameter.rod. »

Provide confirmation that data for the RFA-2 fuel fits the correlation.

Provide confirmation that the modification to- the non-uniform shapé factor is apphcable,

to data from:non-uniform tests with‘a psinp axial power shape,

4, Provide confirmation:that:data from-uniform axial power tests with 967" heated.length are
applicable with the heated length term applied forthe correlation.

5. Provide confirmation’ that correlation can be: extended ‘to grld spacmg of 22 in and
pressure-to-near-1400 psia.

6 Provide at least:300 data points, or approximately 20% of the correlatlon,database?

WIN

To meet these conditions, the seventests listed in‘Table 2- 1 were selected for the validation database. It is
noted that some: of ‘the tests: are for older grid designs no longer used and for grid designs used.only.
outside .of the United States. As stated-above; the validation’ database was selected to: demonstrate the

correlation is robust. The-applicable designs (Section 1.1) are.a subset of the correlation database: '

3.2 ‘Correlation. Form:

in Reference l Followmg the: development of the WSSV correlation’ form; the base form of the: WNG—I
correlations s - developed with the v_"rlmary vdtiables: pressure, local mass veloc1ty and local quahty
[ ]**of the'correlation-use these primary variables, This [ ] ** expression is based.
onal :
] »* expression used'to develop the

final correlation is given below:

where:: " q"cury = critical heat flux for umfoml axial power; l\/IBtu/hr-ft2
P Pressure ‘psia
GL = local- mass velocity-at CHF location, Mlbm/ hr- ﬁ2
XL = local'coolant quality at CHF location; decimal fraction

This base: form can be used to correlate the :data from rod bundle. test sections without variable grid
spacifig; Fuel dependent special terms: aré: then developed. for Grid Spacing; (GS),. Distdnce ffom Grid
(DG), Heated Length (HL) and Heated Hydraulic'Diameter (Dhm). As.noted:in Reference: 1, split-vane
test-data were used o provide the forim for the grid spacing térms and to fit higher quality data for the
WSSV correlation form development: The required terms are then applied to thebase form to-account for
variable grid spacing. The terms are discussed in' ‘brief for the: apphcat1on for the WNG-1.¢correlation. Tt
is. noted. that the WSSV correlatlon had-aset of ferms ‘to account for different: performance. in a.matrix
channel adjacent.to- the large gulde ‘thimble and a-matsix channel [

1® ¢ in the CE-PWR fuel. For the relatively smaller thimble (replaces one rod) geometry-in
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Westinghouse fuel designs, the impact of the thimble is sufficiently small that the set of ‘correlation terms,
in the WSSV correlation (Reference 1):to account for the proximity:of the matrix.channel'to the guide
thimblg are not required, simplifying the correlation:

- 3.2:1, -.Héated' LengtthL

Durmg the. development of the ABB-NV and ABB-TV: correlations, the: heated, length térm was, developed
with uniform-axial power data -with heated: lengths of-48 ‘inches, 84.inches and 150 inches, Reference 8.
The heated length term developed was a multiplier to'the main-expression with an’ ez;ponen,t,x.a_l form:

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

Similar to:the' WSSV correlation in Reference: 1, thei [

] *< ‘Therefore; the: ‘expression and ‘range determined.in Reference § arealso applicable
for:the:WNG-1. cmrelatlon Similar to the WSSV correlation, the heated length value is constramed to be
no Tess;than 48 inches since that are no:CHE data available below this elevation.

3.2:2  Grid Spacing Terms

The form for the grid: spacing. terms for the WSSV correlation was developed using the larger: spht vane
database, Reference 1. Therefore, the same form: is:applied for the: WNG-1 correlation.. The purpose of
the grid spacing terms is to-account for the effect:of the grld ofi CHF. This term tesults in lower CHE. Just
upstream of a-.spacer. grid, which produces: better agreement with test results. As. described. in
Reference 1, to account: for [ ] % was developed,
definedas:: '

L T

where::

As noted in Reference 1, this is similarto the, grid spacing: term in the WRB-2 correlation, Reference 6.
Based upon the fit-of the data, it:is concluded that:the best [ ] *< for the grid spacing
term isishown below:

\ [ ]
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~where: A, B. = Constants determined with nonlinear regression analysis code

As deseribed in Reference 1, following the application of the:grid spacing [ 1< to the
supplemental’ split.vane: data; the: restltant M/P CHF ratio; data were then examined for trends. to
determine: if any :additional term s needed 1o account for the grid spacing: geometric effects. One
noti_ceable.{t‘rend"*-.wasl‘-‘the'f [ | | o

] &~ The [ 1 *° with GST determined above-accounted for the:
average effect:of the. grid: spacmg, but did not accotint for the [ '

1*< of the correlation form..:Since this term
was originally deVel'oped with split vane:data in Reference 1, this: additional term s ‘also: applied for the
WNG-1 correlation; New: coefficicrits are required. to properly accourit for the split vane mlxmg grld‘,
performance:

3.2.3 Heated Hydraulic Diameter of CHF Channel
For the Wesvti’n_ghouse;CE-PWKafue:l:assembly design, a large guide thimble replaces v-fouf fuel rods. It has:
been shown: that there'is a. difference in:performance for the matrix subchannels near the guide thimble

and the guide thimble side: and: corner: subchannels..”.For the: ABB-NV, . ABB-TV, WSSV and. WSSV-T
correlations, Reférences 1 and 8; the heated hydraulic:diameter term was developed to-account for the;

where:: Dhm: = Heated hydrauhc diameter of:a matrix subchannel with-the same:rod diameter

differencein-performance:;

Dh = Heated_jhyv" _auhc diametei of the subchannel, in
Bi = ‘Constantfit with-nonlinear regression analysis.code

To evaluate whether the same form:can be applied-to the:split-vane small thimble geometry; the available
data. at. the maximum quality channel at the measured clevation were examined. The data.with a
non—unifonn,;shape-;factof?neaf.. 1.0 were:sorted based on test-geometry. The average values of M/P!CHF
ratio for different grid spacing'and different:subchannel geometry are‘computed using a correlation  with
the developed;fonﬁ for the measured elevation data. The data are.summarized:in: the table below. From.
the data, it appearsthe form does properly account for the: difference in performance between the matrix
channel and the:thimble channel. Based upon these results, it is concluded-that the [

1**can be used to account for the thimble effect for fuel designs with the small thimble.

Test. Rod Diameter Dhm GST Measured
A Elevatioh M/P a,c
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3.2.4  Extension of Correlation to Higher Quality:

As stated in Reference 1,72 [

] %, ‘The plot in‘Figure;3-1.is anmexampleiof the'observed trend withisplit vane data. Based upon

the [’

the statistical tests described in-Section 4.0 are applied’to confirm:|

] Y

Following Reference: 1, to account:for.the measured:| _ ‘
™. Based upon the split vang:data at higher mass velocities, the form used for the
WSSV correlation. in;Reference 1 was ||

T® “is shown:

below:.

The value.of[ 1%

Plots of the WNG-1 correlation M/P'CHF ratio versus the quality with:the form adjustment are:shownin
Section 4. Thes plots démonstrate that the adjustment adéquately accourits for the flow, regime effects at
higher:qualities..

3.2.;5 Optimization of Tong:F¢:Shape Factor for Non-Uniform:Axial Power Shapes

Anumber-of non-uniform:tests. are-included in-the split-vane.correlation :database, Table 2:1. The axial
power shapes: ‘are. shown in Figiire 2-6. The data at the measured, elevations were. examined with
correlations developed-with uniform: axial power:shape-data:and the correlation form::

Ay

The matrix test data and the guide thimble test-data were examined separately to. determine:whether the
same trend is observed in both data sets. The non-uniform data based on local conditions at the measured
¢levations: were examined with: the non-uniform shape factor, F¢; set to 1.0.and with the standard Tong:
non-uniform_shape factor with' the Tong empirical constants, Reference 5. For the' case when the
non-uniform_shape factor:is applied, the pfediéfed CHEF 1s computed with the expression:
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ey = Venrg/ Fe

where:. q” Cm: v = local:¢ritical heat flux in channel predlcted by the coirelatiof
Fc = 'Non-uniform heat:flux:factor:

The Valug:of Fg i’ determined with:the expréssion:’

F, = (;Z):e—c,(ftyi:f? ) s

The Tong empirically determined coefficient; C, is evaluated with the expression:
A8 * (1~ XL ™ (G109

where: 9"curnu = = non-vnifoim heat flux at CHF location 1., MBtu/hr-ft?
q'(z) = local heat flux-versus axial length, MBtu/hr-ft?

listance from inlet to CHE" locat1on £

._A,.llength ft

XLcm equlhbnum quality:at:CHF locations.

GI, = mass’ veloc1ty, Mibm/hi-ft*

The overall results for the guide thimble tests are shown in:theitable below:

Based upon this:data, it.appears that the. non-uniform:shape;factor required for-the:non-uniform data te fit
the expression developed from uniform data is: [ ] > Plots of
the avérage measured/predicted (M/P) ‘CHF ratio using:a measured elevation correlation.developed from:
uniform guide thimble:data [ .
| ] % are:shown in Figure:3-2. These plots:indicate the required nen-uniform
shape factor value required
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1™, as shown in'Figure 3-2.

The same process applied to the thimble non-uniform:test-data was followed with:the matrix-non-uniform:
data, "The matrix data shows a similar trend as the guide thimble;data with Fe st to 1:0. “Trend plots of
the M/P'CHF ratio based on the measured elevation correlations versus values of:the non=uniform shape:
factor computed with the Tong empmcal coefficients, Fr;.are. shown ini: Flgure 3-3. Both plots gulde_
thimble test.data: and. matrix:test data, show a.very similar trend of NI/P:close-to: 1:for Fi close to 1.0 and;
M/P.about’ 1.2:for Er near 1.5, This indicates the value of the non-uniform shape factor computed with
the Tong empirical coefficients is too:large-for ‘the 'split'-vvane data in-the' WNG-1 correlation database.
Consideration’ was given to: modlfymg the constants in ‘the: equatlon for ‘C, similar-to the optlmlzatlonv
performed for the side=supported-and non-mixing-vane data-in Reference 8. ‘However, there was no direct:
allowance for the |

] ¢ Therefore, the values. of {F¢ are computed with the

expression:,
' I: :| a,c
where:: F¢ = Non-uniform shape factor.applied to:nen-uniform axial shape data.
F - Non-uniform shapefactor computed with Tong empirical coefficients
= ‘Constant fit with nonlinear fegressioni ana1y51s
[ 7

The ‘thimble: and ‘matrix' channel data: were ‘initially correlated. separately, and both sets of data had
essentially the same value for the constant B, again indicating the:same trend for the two test geometries.
Based.on the lack of‘trend, as shown in plots: in Section 4; the:optimization -of the non=uniform- shape:
factor [

1%

3.3  Final Correlation Form

Based upon the evaluation of the uniform and non-uniform data, the followmg form is applicd to the splltj
vane test'data.
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Final WNG-1 Correlation Form,

a, [

The Departure from Nucleate BoilingRatio (DNBR) is.defined as:
DNBR .= ¢ CHF, (@2 chaner ™ Fe)

where. I Crltlcal Heat Flux Based.on Umform Axial PowerShapes, MBtu/hr-ft?
P = Pressure ps1a

XL Local: Coolant Quahty at CHF demmal fractlon

Dh = Heated Diameéter of Subchaniel, inches

Dhm = Heated Diameter.of Matrix. Subchannel inches:

DG .= Distance from [ 1*Grid-to.CHF Location, inches

GS = Grid SpanUpstream. of Grid- Just: Upstream of CHF Location, inches
GST = Grid.Spacing Term = [ '

HL = Heated Lenigth From Beginnirig of Heated Length to-CHF Locatxon itiches
q”channet = ‘Loocal Heat Flux, Mbtu/ he-ft> -

Fe = Optumzed F-Factor To Correct’ Q”CHFU for NU Shapes

Fr = ‘Standard Tong Non—Unlform Shape Factor:

The Torig rion-uniform shape factor, Fx. is.computed with the empirically determiried coefficient, C,
C=18 *(1 = XLei) 1 (GLI109) ™ fit!
34  VIPRE Model

The test:data from Columbia. were evaluated by usingthe Westinghouse version of VIPRE-01 (VIPRE)

- thermal hydraulic:code; Reference 2. The VIPRE code: was used to. predict local coolant.conditions.in

each subchannel for the: CHF test sections at multiple axial nodes. VIPRE models were prepared for.cach
fest' section in-the da’tﬁbase based'up‘on'the tes’t‘sec‘ti'on axial and’radi’al geometry and. the' test: 'sect'ion -axial

1nlet temperature_, bundle average.mass: v_eloc1ty and.bundle, average heat ﬂux.

The VIPRE. decks are set up:with. [ -
» ] **for:the:non-uniform tests.. The [ , _ ] *“is selected to
define:the:grid locations | ' . ‘ 1*% TFollowing: .
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L

For the uniform axial power shape CHF test programs, approximately 30 mixing points were; taken to
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]a ¢

evaluate the.grid mixingfactor. Mixing:test procedures. are-described in detail-in‘Reference 1. The:tests:

were perforined. with the sariie test arays used for.the CHF tests. The subchannel mixing data-were then

reduced. to evaluate-the thermal ‘mixing factor. Since it is |

1

[ ]

a,c

The VIPRE two-phase flowand cross-flow correlations are! kept the same as that for Westmghouse fuel

design applications in Reférence 2. Theinput specifications for.the: VIPRE model are summarized in
Table 3-2..

3.5

Data Evaluation and Statistics

The following steps: were pexfonned for the optlrmzatlon of the WNG-1 CHE- correlatlon coeflicients with:
the CHE correlation database:.

1.)

2.)

.correlation coefficients determined at the |

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

fun. A utility code: was then. used to select the local conditions from the [
] #<from the VIPRE code. This-was a [

. ] . C X
The | -1 € coefficients for the final corrélation form -provided in Section 3.3, Were then‘
determined from the [ ] ‘using: a nonlinear regression analys1s As:

discussed in Section 3.2, thie ¢oefficients: for the hicated length teim. are. to be-the same ag the

ABB:NV, ABB:TV: and WSSV correlations; References 1 and 8. To provide optimization-of the
non-uniform shape factor [

] ﬁ,:c-
The data’ from the correlation. database .are. then reduced in a veision of VIPRE that his the

icie ] *¢. The-data:from all thetests:in:
the correlation database:are [ 1 **with the VIPRE code to obtain local mass: flow:

and quahty conditions and. DNBR calculations for all subchannels and multiple axial nodes: for
‘each test.run: The local conditions: were then [
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] **for each test riin. While [
1% < of ‘the correlation form ‘were optumzed using a
non-linear regression analysis,

3.) Step. 2'was repeated with the WNG-1 correlation in VIPRE having the-coefficients determined in
step: 2. 'The local conditions were: then [
1** determined in step:2. The:correlation statistics at the.
MDNBR elevation were evaluated usmg the coefficients determined in step: 2. The [
1 * ¢ coefficients weré then.re-fit 1 using-a non:linear regression. analysis and the correlatlonf
statistics were :computed using the new coefficients. Since the [
] **, the coefficients determined m step:2 are considered.to

be final.

Following the same process described in Refefence 1,.a non-linear regréssion analysis ¢ode was.also used
to sort'and fit'the'test data. “The optimization of the constants was performed on data within:the parameter
ranges shown in Tables3:3 and 3-4. The code was also: used 1o [

: ] * ¢, "The repeat runs: were identified'in the Columbxa database..
To be-considered as duplicate:data, the [

] . After the initial ring, thé codé-could '
have been used to separate-out-outliers, following. the procedure described in Section 4, No ‘points: in: the

cotrelation database were rejected by this pr_o_cedure ag outliers.

The WNG-1 correlation with the final cocfficierits for application with the VIPRE .code is shown on the
following page. The means and standard deviations for the M/P CHF ‘ratio for-the correlation database:
and individual test sections are presented:in Table 3-3, along with the tange of the ?rim‘ei’ry wariables. As:
stated carlier, the statistics for the correlation database are. based upon the [: '

1* ¢ with the coirelation. apphcatlon The statistical output for theindividual tést points:in
the WNG-1 correlation database are prov1ded in- Appendix B. Further discussion of the statistical
evaluation of the WNG-1 corrélation is given: in Section 4 '
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Final Correlation Form-and Coefficients for WNG-1 for VIPRE.Code
: a,b, ¢

Nomenclature:»

q CHEY = = Critical Heat Flux Based on Uniforni Axial Power Shapes MBtu/hi=ft*
P = Pressure, psia.

GL. = Local Mass Velocity. at CHF, MIb/ hr-ff’

XL = Local Coolant Quality at CHF; decimal fraction.

Dh. = Heated Diameter-of: Subc_:hannel inches

Dhm. = Heated Diameter of Matrig Subchanﬁ'él; iriches

DG = Distance from [ ] **“to.CHF Location, inches.
GS = Grid Span Upstream of Grid Just Upstream of CHF Location;.inches-
GST = ‘Grid-Spacing Term = [ 1% aie

HL = Heated Length From Beginning of He_:a'tcgl Length to: CHF Location; inches
Fe = Optimized F-Factor to Correct q”cury-for NU Shapes,
Fr>= Standard Tong Non-Uniform Shape Factor

3.6 ‘Validation -ef-Correlation.

An independent validation. database was generated from tests éxcluded from the corfelation database to
verify performance of the- WNG-1 correlation, as described in Section 3.1: Due to the large size of the
correlation database, the primary purpose of the validation database is to: demonstrate the correlation is:
sufficiently robust that the correlation provides good agreement with parameters somewhat outside the
original correlation’ database. The geometric characteristics for these tests are simmarized in Table 2-1.
The validation database was ‘generated in a manner similar to the process used- to generate-the correlation,
database [ | e

A VIPRE model was prepared for each validation test section based on the test section axial and radial
geometry and test section axial and radial power distributions. The VIPRE calculations were based on the

measuied values of préssure, inlet, teﬁpefatu're,‘;bundle average mass velocity and bundle average heat’ flux
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at CHE, as giveri in Appendix A. For tests documented in References 6 and 7, the |

J¢ Thelocal conditions at the |
] ¥4 are-used to determine the M/P CHF ratio.. For non-uniform.itests, the:calculated. DNB:

fat10 1s: modlﬁedWIth the [ ]a’c for the aXlalShape factor, FC

The means and standard deviations for the M/P CHF ratio for the validationi: databasg and individual test
sections, are. presented in Table 3-4, along-with-the range: of ‘the-primary: variables. ‘It:is noted. that:no:
points were eliminated as an outlier by the procedure described in:Section 4 in’ the-validation database.,
The ‘statistical output for ‘the; individual. test points: in. the. WNG=1. validation. database is- provided in
Appendix B. Further discussion. of. the istatistical evaluation of‘the. WNG-1 correlation is' given inl
Section:4. ’
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R N e

11.

12,
13.

‘Single phasefrictionfactor: £=
‘Two-phase flow Friction multiplier: [
Two Phase Flow:. [ v ]
Axial Power Distribution: |
‘Uniform-Test;.uniform:axial power distribution

The-axial flow convergerice for external iteration; FERROR set'to [

"W.CAP-16766-NP:

Table3-2
Input:Specifications for WNG-1 Test VIPRE Model.

Supplementary DNBRS output file selected: TDNBRS set to2:01 3 in CONT6

A

] 2

Non-uniform Test, non-unifori axial power distribution specific-to test
Grid:loss coefficients used: See Table:3=1.
Theicrossflow resistance factor: [

‘]-Ma', bjc

- The turbulent momentum factor;. [ ]**

The traverse momentum parameter | ] )
) _]’Ja,'li,‘cv;
Turbulent” Mixing: | ‘
1 (this applies:to'both single and two-phase conditions)'
Uniform-mass ave‘locity was used as the ":ﬁlletslﬂo.wfoption.
[ ] **for non-uniforin tests
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Table3:3
CHF Test:Statistics for WNG:1 Correlation. Database:

o Red e Dhm Pt Axial Guiide WNGL
(in) Angd Shape: Thiinble N M/p ME
in) (i), ‘ ‘Mean,p Std.Dev. - ,
a;b, ¢

Parameter Range. of Data: -

Pressure, psi: Mih. 1485 Max: 2495
LocalMass Velocity, MIb/hr«ft’: Min. 099 Max; 360
Local Quality: . Mih, =021 Max: 043,
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CHFTest- Statistics for WNG-1 Validation Database

‘Table3-4

'WCAP-16766:NP

“Test: Rod Rod
No.  Diameter  Pitch
(~in) im)

Dhm
(vin)

Heated,
Length
(iny

Axial

68T Shape

“Guide

Thimble: |

‘N

WNG-1
_M/P
Mean, .

S

SthCV . ;

Parameter Range:of Data:

Pressure, psi:
Local Mass Velocity, Mib/hr-ft:
Local Quality: "

Min:
Min:
Min:

1465  Max.
0.86  Max.
~0:14 Max.

‘Pﬁge 33 0f 82.
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Figure:3:1,
Split Vane Uniform Matrix:

Test:Data-vs. XL

]a, c
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Figure3-2
Non-Uniform Guide Thimble Data |
for Correlation Based on Guide Thinible Uniform Data,
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Figure:3-3
Non-=Uniform:Data Trend with.Non-Uniform Shape Factor
- Computed with Tong Coefficiernts, Fr
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Figure 3-4
1*¢, Split:Vane Designs
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40  Statistical Evaluation

The mean and. standard deviation for the ratio of measured to WNG-1 predicted CHF ar¢: shown in
Table 3-3 for the. correlation database: and the individual test sections and Table ‘3:4 for the validation
database.and individual test sections. A statistical evaluation is. pérfo’rmed with the WNG:1 correlation
for [ ' . ] * ¢, the correlation database, the validation database; and a
combined database. To demonstrate that the correlation is robust, &

' ] * ¢ ‘the final combined
database ‘The statistical tests apphed are:the same tests apphed in References ‘1 and 8 for the ABB-NV,
ABB-TV, and WSSV correlations. The data in-the-correlation-database; validation database, and.final
com"lfiined database were ¢xamined to’ determine whether, any data would be eliminated ‘as :an ‘outlier per
the-procedure given:in Chapter. 17-of Reference 12;the same rigorous outlierffes't’sapplied;:ih»iReferenccSa L
and 8. No:points from cither the WNG-1 correlation database-or the-validatio: database weré elimnated
by this test.

Section:4.1 describes:statistical test: methods:and procedures, similar-to:those in References 1 and 8;.used
for:evaluation:of the- WNG-1 correlation. Section 4.2 provides results of the statistical, evaluation and the
correlation 95/95 DNBR limit.

4.1 :Statistical Tests

Statistical tests were performed to.determine if all or:selected data-groups belong.to the:same: population,
for the: evaluation: of the 95/95 DNBR limit.. For: normally distributed groups, homogenelty of variance,
was examined using Bartlett's test.and homogeneity of the means was examined with-the-t-Test or:general
E-Test. The t-Test with equal variances, Reference 14, was-applied for testing the equality. of means of
two groups. that passed both the normality: tests. and the hom(;éeneity of variance test. The t-Test-with
uriequal variarices, Reference 15; was applied for testing the equality. of means of two groups: that. passed
the normahty tests but failed the homogenelty of variance- test: The ANOVA F Test ' was applled to

Wllcoxon-Mann-Whltney Test was; apphed for testmg the combme-ablhty of two groups and the Kruskal-~
Wallis: One-Way Analysis:of Variance by Ranks Test was applied to- multiple groups. For groups:that
failed the D’ Nortnality Test but passed. other- normahty tests such as the Kolmogorov-Smlmov Test, the
Bartlett and F-Tests were applied to check for poolability of these groups. ‘Data that did not pass any-of
these téstsiwere not combined.

The one-sided 95/95 limits were calculated for-a combined correlation and validation database using data
for current grid:designs, after the data sets in the database were evaluated to be poolable. The poolability
tests were. performed on the correlation and validation databases. T‘l_ic,»poolabiiity“tc_s'ts were then applied,
[ ] * ¢ for the tests.in the combined database: For normally distributed groups,:
Owen’s one-sided tolerance liniit factor, Reférence 16, is used.to. compute the 95/95 DNBR limit. For.
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groups that: ar¢ not ricrmally”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 any

subset examined is applied to the entire;set of data.

Scatter’ plots, were then generated as measured to® correlation predicted CHEF fatio- versus: cach: of the

+variables. insthe. corrélation: to examine:the correlation-for-trends or regions: of-non:conservatism.. The:

DNBR limiit is. also $hown on thes¢: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.

4.1.1 ‘Treatment:of Outliers
Each:database 1s 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:a” = 1 ~( L-o)™is computed. The value of (1 - @’/2) is the:normal cumulative:

- distribution-value, P, and the value of zj.p; is calculated or: taken. from cumulative.normal distribution:

tables. For a'meéan valug of m, the valuesof a and b-are:computed where:

a m-o* vzl;a_r/;g
b =m+o* zgp

Any observation that does not lie. inf the interval a to b is rejected. The method does assume a siofmal
distribufion and the values: of w, mean.of the data, and s, standard deviation of the:data, ‘are reasonable
estimates of m and o. Therefore, care must be taken to ensurerthe-elimination of outliers is justifiable,
Based:upon the application of this test to the correlation database, validation:database and final combined.
datibase; no'points were eliminated by this test:

4.1:2  Normality Tests.

The W and D’ tests, Reference’ 13, were used to evaluaterthe:assumption of. 2 normal distribution. For
individual tests With less than 50 test. points, the W testis-applied. The test statistic. W-is computed.as:

W = p2/§*
where: SZ :Z( x —x)
i=1
¥ | |
b=37a, (% ,—%)  xinascendingorder
=1

a;‘.'ff 6mb Table 1, Reference 13
k=1/2 ifn iseven and k= (n-1)/2 if n is.odd
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The value of W is: 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 250, the D’ normality testis.applied. The tést statistic.D”js computed as:

DY =TS

where: §= {Z(’Cx - ® }
7=1
T=Y{-+1)/2x, x;in ascending order
'4'.,=,_1- ' |

The calculated value of D’ is compared with the percentage: points of the distribution .of D*from Table-5'
of Referenice 13. The D test indicates non-normahty if the calculated valug of D falls: outside of the
range estabhshed from Table 5 for P-set-to 0. 025 and 0.975. These tests were selected -since. they are:
Furthermore the D’ and W tests are the AN SI standard tests that have been used n prevrous data: analyses.
reviewed and approved by the NRC. '

413 Statistical Tests for Comparison of Data Groups

Statistical tests weré performed to determme whether-data groups. could be considered to comiefrom one
population: The Bartlett testfor homogenelty of variances and.-thet=Test; for2 groups, or:the E-Test, for:
multiple groups. are apphed to .determinie if data groups: can be combined. If the data groups. fail the
normality test, the MannsWhitney Rank Sum test or. the Kruskal-Wallis:One-Way Analysis of Variance by
Ranks test is.uiséd to check the niull hypotheses that the medians; or averages, of the tests.or groups.are the
same. The Kruskal-Wallis One- Way Analysis: of ‘Variance by Ranks test is: also used. to check:the-null
hypotheses that the medians, or averages, of the tests or groups are the same: for multlple groups that pass,
the: normality test, but:fail the homogeneity of ‘variance test. For the groups that pass ‘the equality -of
means’ fests: or the non-parametric tests for the: null hypothiesis. that the samples are from: the same
population; the normality”:tes‘t‘s 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 lifit factor, Reference 16, is
used to compute the 95/95. DNBR limit: If the combined group fails the normality test, a:distribution=free:
one-sided 95/95 limit is-determined, Chapter 2 of Reference 12. A brief description of the corparison
tests:1s given below: : | |

4.1:3.1 Homogeneityof Variances

One. of the most used. tests for examining the homogeneity of a.set: of variances is Bartlett's test
(Refererice 17): Bartlett showed that for a'set of variarices estimated from K independent samples from
normal distributions: having a common variance o7, a quantity M/C would have a: distribution

satisfactorily approximated by thex* distribution. Specifically:
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M =Nl {N Vs } = vng
» I =

t=1

where: s% is an.estimate of variance for-test section t based on degrees of freedom vy, K is: the

numiber of test sections;

t=1

and the-quantity M/C'is distributed approximately as 3* with K-1 degrees of freedom.
4.1.3:2 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 py = p, = 0:0.0r that'p; = p,, where py: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:

= =y
s/ Al Un2)™

nl: nZ
= _ Y=n L Y ]

where: Sg= =

D is:a*pooled” estimate:
nl-n2:=- 2.

The computed value-of'tis compared withthe value't s 4inis in-a table:of percentiles of the t distribution
for oiset to-0:05. The hypothiesisithat ji; = py is rejected if the computed value.of tis larger then the value

of tioss, npmr-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 ;= u; = 0.0 or:
that p; = Wp° where: 1y is: the mean from data group 1 and p-is. the mean from data group 2. From
Reference: 15, the test statistic t is caleulated with the expression: |

e thl
(Sf/n + 87 1n2)*
where; Si* = Variance:ofsampled.
ni = Numberofidata, sample 1
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4.13.3 Test for Equality of Means for Multiple Data Groups — Analysis of Variance; F-Test

An analysis ‘of variance test'was performed o test the equality of means and determine whether the data
from ~m1ilfiple,,tests or groups could be pooled. One of the usual techniques:for examining the equality of
means determined in an expetimerital study is a particular form of the F-test. In this:technique, two mean
squares:are:found, callithem. Sy, the-between testfréectionvmeanasquare and Sy, the-within test section-mean.
square. If K is the number of test sections, ni;'the number of data for test section. t and n.is thevtotal

number:of:data.

In thiese expressions Xi; is an individual datiim for test section t, X is the mean value of X fof test
section t and X is the grand mean for all data.” Under the hypotheses: of. normality, homogeneity of
viriance and equality:of tieans, S, and S, are independent estimates of the variance, 6%, due to: raridorm:
deviation from the true grand mean. Therefore theratio:

F=8
K

/ Sz should follow the F distribution with degrees of freedom

v #K- Landvy=n-K

The calciilated value of F s compared with the value of Fio(v 1, 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 rejéctibfn, of the hypothesis of equality among;the means of the tests:or groups.

4.1.3.4 Distribution Free Comparison 6f Average Performance

For:combinations that have one or both: tests fail the normality tést; the Wilcoxon:Mann-Whitney: Test,
References .12.and 18; is used to compare two ‘groups.. To-apply this test when one of the samples has.
1> 10, all groups-considered, the data are.combined. The number of points iii the srialler sample: is.my
the number from the larger group.is n. The:M/P'CHF values from the two:groups are ranked from. 1 fo
m + n = Nwith 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: | ”

L _TH05-mi(N+1)/2
[ n*@v-+D712P*

z’Page'4T-of<82



‘'WCAP:16766-NP

The ‘significance of z is agsessed 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 rlght tails of the distribution:

For comparison. of testsior.multiple-groups that failed the Bartlett test for;equal variance ot the D’ test for
normality, the Kruskal:Willis One-Way-Analysis of Variance by Ranks test, References 12 and 18 is used.
The level of significance of the test, . is selected 1o be 0:05. The: 3’1 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 lowestto highest: The H statistic is then calculated with the‘equation:

Ko B K | 2
N(N+-1) oo

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. IfH>x2 1.0, One-rejectsithe-hypothesisithat the averages are:the same.
4.1:4  Onessided 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 and grouped:data based on.geometry prior to the determination of
the 95/95 DNBR: limit. If not-all of the data could’ ),e}'_pooled the data were: separated into-subsets. that
could be pooled andithe 95/95 DNBR limit-was; established:for the.different:groups of-pooled data. The:
computed 95/95 DNBR limit for the class of data prov1des 95% probablhty at the 95% confidence level
that a- rod in. that ‘class -having. that DNBR. will. not. experience. CHF.. The most: conservative: limit.

determined forany group of data examined is then:applied to the entire'correlation data set. For normally
distributed: _groupsé Owen’s one-sided toleranceflimit.factor; Reference 16; is-used to compute the 95/95,
DNBR limit: For groups- that are not-normally distributed; a-distribution-free or non-parametric limit,
from: Chapter. 2:of Reference 12, is established.

4.1:4.1 ‘Normally Distributed95/95 DNBR Limit
The mean: and standard deviation of the ratio- of measured to WNG-1 predicted. CHF ‘are:computed for.
each data group or class: of data that pass the: comparxson tests and D’ normality test. This group can

include-all data from the correlation: database-and wvalidation: database or: a: subset.of that data. A:95/95
DNBR limit'is evaluated for each group based. on the following formulas:

-DNBRys 95 = Y_KS
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1.645+1. 645[1 (1- 2(70?)) (1 )]
K= - “2 706
2(n-1).
where: X = mean of ratio of measured to: pred1cted CHFE

S =:standard deviation.of measured to predicted CHF

K = 9595 confidence multlpher (expression given in Reference 14; practlcally
equlvalent to Owen's tables in'Reference 16)

n = number-of data points -

4.1:4:2 DistributionFree95/95 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 abovethe: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 i the combined. correlation arid 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 cofnputed for the entire database is computed
usmg ‘the total variance approach apphed iti References 6:and 7. Alsoj.the limif for the entire:database is.
computed using:the distribution free.method if the-entire.database is not normally distributed.

4.1:5 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 corrclation: for trends or regions of
non-conservatism. The M/P-CHF ratio. is' plotted as: a function of pressure, local mass veloéity, Jocal
quahty, matrix heated hydrauhc diameter, Dhm, heated’ hydrauhc diameter; Dh; the: gnd spacmg ‘term;,
GST, heated length from' BOHL to location of CHF, and.the optimized non-uniform shape factor; Fe. 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. J :

4.2 "'WING-1 Correlation Statistical Evaluation and 95/9S DNBRLimit: .

Following ‘References 1 and '8, the: W and D” Normality tests and comparison tests described in

Section 4.1 ‘were' performed to- determine if the WNG-1 correlation and ‘validation data were random

samples:fromi orie.or niofe populations-and whether:thie data from individual tests and the combination of

tests were normally distributed. The sinitial evaluation was performed to determine whether. the

correlation and validation datd’ were from the same population to determine whether the: validation

database did validate the correlation. If the data are-from the same population, this allows some.or all of
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the-validation database to be conibinied with the ‘cgmelqtiqq-dqtgbajset prior to-further ¢xaminations for. bias.
and the one-sided [95/95 DNBR: limit: The.mean :and.standard deviation for-the: ratio -of measured to:

-1 predlcted CHE -are: shown_in Table: 3-3. for ‘the ‘correlation .database and Table 3-4 for the

valldatxon database. ‘The correlation database-has 1,412 poiiitsiand the validation database hiag 412, pomts_
or 29% -of the correlation database. Test for normality of ‘the :data for the: correlation and validation

databases were performed and the:results. are given in Table 4:2:1. Although the correlation database did

not pass:the-normality:test, the Bartlett. Test:and t-Test'were applied-to the correlation and-validation data

along ‘with the distribution'free'Wilcoxon-Mann-Whitney Test for. ‘group comparisons since: the cotrelation
data. passed other normality tests such as the Kolmogorov—Smlmov Test. The results from the: .comparison
tests are summarized in Table:4.2:2. "When correlation:-and validation tests passed.the normality. test but
failed, the Bartlett test,, the t-Tést ‘with unequal Variances was used to test for equahty of means, The

Wilcoxon-Mann-Whitney Test-was: also used to test the hypothesis that the two .groups could have the:

same average performance. Based upon this evaluation, it is iconcluded that the validation database does
validate thie correlation.

As stated previously, to: check the fobustness of the cofrelation, some of the data in the validation
database-are from tests with | .
1" % The WNG-1 correlation 95/95

DNBR: limit- s determined [ ] %, Therefore; the
validation data [

1™ ar¢ added to the coirelation database to produce the combined
database.used to determine:the.-95/95 DNBR limit. [

1™ “to the.coirelation, database to determine the:95/95 DNBR limit:

The results. of ‘the parametric comparison tests: for-the: combined :database used to' determine: the 95/95
DNBR limit for the correlation ate: given in Table:4.2:3. The results indicate that |

] . Additional statistical tests- were then. performed ‘With the test data grouped by test
geometry: The database has data from guide thimble tests and matrix tests; so test section geometry is one
variablg, examined. The databasg: has' data for” tests sections: with |

]**is another variable-examined. The
database has data for [

T ® “that'is examined: .Multiple comparison tests are performed to identify data groups that:-can
be pooled with the application of the statistical tests identified in Section 4.1.
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-group; in’ the:database with the normahty tests: ‘Theresults

from these normahty tests are glven in Table 4 2-4. The next step-was'to examine equality of variance:for. -
the groups,. The data for the [ |
- _ ]a < Therewere’threé_:
sets examined; the| ' ] *€. The:
results of the Bartlett ‘test are: gwen in ‘Table 4.2:5. Based upon. ‘this- test, the data grouped by [
1 *%the Bartlett test for equahty of variances; [
1 Since the data: grouped [
: ] 'éf“°"w’ei’sx_»,',apglied to test the-equality of mears. Since. the data grouped by
[ I a,ic

was applied for the comparison of means test. This test was also applied to' the-data grouped by [

] *°. The-data grouped
by [
1%, The-esults:of the.comparison tests are
given: in' Table.4:2-7. Based upon thiése tests; the. data groiiped by [
] *< could all be:pooled: Therefore, for.cach.

[ ] a": c;v the 95/95 DNBR llfnlt 15 based on the éntire database of | 1581 pomts ;‘m‘
Table4.2-3: ‘
Since the conibinéd database [ | ] %18

based on.the parametric: method described in: Section 4.1. The one-sided 95/95 DNBR. limit: for -the
WNG-1 correlation is computed to be 1.139, as shown in Table 4:2-8. Therefore, the.95/95 DNBR limit
is set to 1.14. -A.plot of the measured-CHF versus the WNG-1 predicted CHF-for-all thetest.data:is given
in Figure:4.2:1; ‘along’ with the’DNBR limit curve: The DNBR: limit of 1.14 is equlvalent to a value'of
0.8772 for the M/P'CHF ratio, Itis noted that forthe entire database, fifty-six test pomts or'3.5% of the
data fall below: the M/Posss limit o 0,8772:

The data are then:examined;graphically in-order:to-check:for any deviation as afunction of the correlation
variables. The: ‘_plots of the M/P CHF ‘ratio as a function' of pressure, local mass. velouty, Tocal quality;

matrix heated. hydrauhc dlameter Dhim, heated hydraulic, dlameter Dh, the grid spacinig-term, GST, the
heated length:from BOHL to-location:of CHF, and the optimized non-uniform shapefactor, Fc, are shown
in Figures 4.2:2 thiough 4.2-9. 'The DNBR limit is-also shows on these plots to stiow the numbér of test
points that fall: below. the limit and-thelocation of those points.. There are no observedadverse. trends:on
any of the plots.

Based upon the results -of the:statistical tests applied to the WNG-1 VIPRE database and the scatter plot

analysis, the one-sided 95/95 DNBR liniit is determined to be 1.14, The applicable parameter ranges for
the WNG-1 correlationare given:in Table.4.2-9: '
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Table:d:2-1
‘W and D Normality-Tests
WNG:1 Database

D D" D Pass
.Dhta_\ N Méan ) »vCalcu'lbted. P=025 . P=975. Test

_a, b,

W W Pass
Data N Mean ‘Calculated P=.05: Test

a, b,c
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Table4:2-2
‘Comparison Tests
‘WNG-1 Correlation and Validation Database-

Bartlett Test Results —WNG-1 Data:
Pass:
MG xly  Test:

Database N Mean K M

1o
o]

a, b, c
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Table4:2-3
Parametric. Comparison Tests.
:Combined Correlation:and Validation WNG-1 Database

Axial  Guide WNGL
Shape  Thimble | . =~ MP ME
' A ‘Mean;ji  Std. Dev:

Testt  Rod Rod Dhm - ‘Heated'
No.  Diameter Pitch - i-n)’ Length:  'GST
(=in)  (~in) e (~in)

Bartlett Test Results - WNG-1
‘Pass

Database K M C M/C Lo “Test

i2

‘Mean®

T

ALL 1,58l 10027 0.0730 22 12286 10069 12201 326 N

F-Test-Results—-WNG-1 Data:
Pass:

S & SIS Fxiun) Tt

Datibase

=
=

ALL H 1559 .0.0290 0:00501 5792 157 No:
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Table4:2-4
WNG:=1Final Database | 1*¢ Normality Test Results

- D D D' ‘Pass
Das N Mem  Caleolaied  PsS P9’ Test

, Table 4:2-5.
Bartlett Equality of Variance Test Results, WNG-1,

Pass
“Tést

=3
=
[}
E
Q)
.
b

‘a, b, c
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Test 1,

Table4.2-6.
Parametric:Comparison: Tests for Pooled | 1 **Subsets
WNG-1 Database

‘t-Test Results with' Unequial Variance Data Grouped by Test Geomeétry.
Pass

2

ng n, 8 S T tosas  Lest

Tabled.2-7

Distribution Free Comparison Tés
WNG-1 Database

Check of H Statistic:From Kruskal Wallis Variance By Ranks Test

R R/ H Los
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Table4.2-8:
Determination of95/95 DNBR: Limit for Pooled:Data.
WNG-1 Database

Databasé N Mean

[

Table:4.2-9°

I

Parameter Ranges for the WNG-1 Database

:?arameter_

Pressure:(psia)

Local Coolant Quality

Local Mass velocity (MIb/hr-ft*)

Matrix Heated Hydraulic Diameter, Dhm (inches)
Heated Hydraulic. Diameter Ratio, | 1>
Heated Length; HL (inches)

Grid spacing (inclies)

Grid Spacing Term; GST | I

.Applicable Range:

1405 to. 2495

< 0:43

079 1o 3,72

0.46 to. 0.53

083510 1.00;

48% to 168

64 to 26

* ‘Setas minimuni HL value;:applied at all elevations.below:48 inches

*% I Grid is in nextnode:and GST < 26.5, set GST to 265
~ Note: This does:notapplyto [
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Figure 4.2-1
Measured and Predicted Critical Heat Fluxes
WNG:1 Correlation
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Ratio-of Measured arid Predicted CHF, M/P

1.6

Figur_e 4.2-2

Plot of M/P CHF Ratio vs. Pressure

WNG:1 Correlation.
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Figure 4.2-3
Plot of M/P CHF Ratio vs. Local Mass Velocity
WNG-1 Correlation.
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Ratio of Measured and Predicted CHF, M/P
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Figure 4.24
Plot of M/P.CHF Ratio vs. Local Quality
WNG-1 Correlation

1.5 1

1.4

0.7 1 One-Sided 95/95;
Tolerance Limit for
0.6 DNBRS5 of 1.14
0.5 -
0.4_ T T T T T T T
-0.3 -0.2 0.1 0 0.1 0.2 0.3 0.4 0.5
Local Quality, XL
Page 65 of 82



Page Intentionally Left Blank

Page 66.0f 82

WCAP-16766-NP

}.-

o Wms

) y
) . {



e W

- .-
!

L}

Ratio of Measured and Predicted CHF, MP
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Figure 4.2-5
Plot of M/P CHF Ratio vs. Matrix: Heated Diameter, Dhm
WNG:1 Correlation
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Figure 4.2-6
Plot of M/P CHF Ratio vs. Heated Hydraulic Diameter, Dh
WNG-1 Correlation
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Figure 4.2-7
Plot:of M/P CHF Ratio vs. Grid Spacing Term, GST
WNG-1 Correlation
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Ratio of Measured and Predicted CHF, M/P

Plot of M/P.CHF Ratio vs. Heated Length, HL

Figure 4.2-8

WNG-1 Correlation
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Figure 4.2-9
Plot of M/P.CHF Ratio vs. Optimized Non-Uniform Shape Factor, F¢
WNG-1 Correlation
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50  Correlation Applications

Westinghouse!intends; to use the WNG-1 DNB gorrelation for evaluating DNB margin 6f‘the applicable

Westinghouse, fuel designs. in plant licensing applications, in accordance with the ‘CHF or DNB
state that the DNB' acceptance: criterion provides.assurance-that there. be: af least.a 95% probability- at a
95% confidence level that the hot firel rod in the:cote daes not experience DNB during normal operatior
or .anticipated operational occurrence. The acceptance criterion‘is met in T/H -'deSigmz-{&hen' the minimum:
DNBR of the hot rod in the hot channel is-above the 95/95 DNBR limit of the correlation. Derivation of
the WNG-1 95/95 DNBR limit-was. presented.in-the-previous:section.. The correlation will be:used only:
with a subchannel code:that hias been eithier used for the corrélation development or'qualified with its
95/95: DNBR limit:in-.compliance with-the USNRC requirements; Reference 2 .Techndl‘o_gy' transfer of the:
WNG-1 correlation will follow through a process that meets the requiremetits specified in Generic:Letter
(GL) 83:11 Supplement-1, “Qualiﬁ‘caﬂonfforv Performing Safety Anailiyses.” d

The 95/95 DNBR limit.of the WNG-1 correlation with- Westinghouse version .of'the VIPRE-01 (VIPRE),
codeis 1.14. The range of applicability for the WNG-1 correlation; based on its database; is summarized
in Table:5-1. The WNG-1 correlation is: applicable.to-fuel designs which.are.within the geometry ranges:
included-in'the:correlation database:, The correlation'database includes the following Westinghouse: fuel
designs:

16x16 NGF design.with 0.360:inch diameter fuel rods
17x17°NGE design.with 0:374 inch diameter fuel rods.
17x 17 RFA/RFA-2 designs; with 0,374 inch diameter fuel rods
15x15 Upgradefuel design with 0.422 inch diameter fuel rods

The ‘correlation. application with: VIPRE will be in full compliance with-the: conditiens .of ‘the: Safety:
Evaluation Report, (SER) on the: VIPRE: code -and_modeling, Reference:2: A [

] ™ Additional qualification and code modification. will be: needed if the WNG-1
correlation is used with a'subchannel code otherthan VIPRE.

The WNG-1 :correlation. implementation into. reactor design: applications: is -similar- to previous:
implementations of ‘other DNB correlations such ag WRB-2Mand ABB-NV. 'WNG-1 has been installed
into 'the. VIPRE' code. in -accordance with the -procedures: delineated. from: the Westinghouse: Quality:
Minagement Systeir (QMS) (Reférence 26). The'WNG-1 correlation does riot supersede any existing
conelﬁfibns_,-_ Reference 3;60r 7, applied for the: current fuel designs: | “ |

The 'WNG-1 :correlation will be used in DNBR. calculations. for core thermal. limits .and. reactor trip

setpoints and non-LOCA accident analyses. Implementation of the:WNG-1 correlation will not result in

any adverse-impact.on. Westinghouse USNRC-a,pproved:.:methodolqu" or licensing bases associated: with

the NGFE or other fuel designs. The USNRC-approved methodology includes the Revised Thermal

Design Procedure :(RTDP) -(Reference: 20), the transition .core evaluation method (Reference 21); the
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reload evaluition: method (Reference 22), the fuel feconstitution evaluation' method (Reference 23),
three-dimensional (3D) rod ‘gjection anaIys‘iS (Reference 24) :and RAVE (Reference: 25) The plant
analysis will accounit for uncertainties in plant operatinig parameters, nuclear and thermal paratneters, and
fuelfabrication parameters in-addition to .uncertainty,«in:{the DNB:correlation.. .

‘Table:5-1
Applicable Range'of WNG-1 CHF Correlation

Parameter -Applicable Range

Pressure (psia) 1403 1022495
Local Coolant Quality. 20:43
Local Mass velocity (MIbovhr-{t) 0:79:f0 3.72;
‘Matrix Heated Hydraulic. Diameter, _Dhnn(i_h_c’_lies) 0.46 10 053
Heated Hydraulic Diameter Ratio, | e 0.85't0 1.00°
Heated Length; HL (inches) 48% to: 168
Grid spacing (inches): , 6.4 10 251:0.5

Grid Spicing Terim, GST | I 26,5

*Set.as’minimum HL value, applied at-all elevationsbelow 48 inches
“*% [f:Grid is.in;next-node and:GST < 26.5, set. GST-t0 26:5.
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6.0  .Conclusions.

The following conclusions:and restrictions apply for the WNG-1 CHF correlation:

1. Analysis of the WNG: correlation and the'source and validation data indicates. the correlations
accurately reflect the test results of the: NGF designs (17x17 NGF, 16x16' NGF) as well as:
Westinghouse current designs in its database, including 17x17 REA/RFA-2 and 15x15 Upgrade.

2. Analysis of the WNG-1.corrélation and validation data indicates that 'a minimum DNBR limit'of

1.14.for- the 'WNG-1. correlation will provide a 95%:probability: with '95% confidence: of ‘not:
rexperiencing CHF on‘a rod showing the Imiting value.

3. Statistical tests support the:évaluation of the 95/95 DNBR limit of the WNG-1 corrélation.

4. The: WNG-1 correlation must be used in, con_]unctlon ‘with Westinghouseversion:of the VIPRE=01,
code (VIPRE) since: the correlation -was :developed based. on. VIPRE. calculated local flu1d=f
conditions.. :

5. The WNG-1 correlation must:also be'used with the Westinghouse.optimized Fe shape factor for

split vane.designs to.correct for-non-uniform axial power shapes.

The range of applicability for the WNG=1.correlations.is provided in Table 5-1.
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Appendix A: WNG-1'VIPRE Database

A detailed summary: of the WNG-1 Correlation, Database ‘is shown in Table A-1, and the Validation
Database 1s shown:in Table A-2. The tables:in this appendix summarize the raw-data:from Columbia data:
files, the test geometry inforination 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
experlments with test sections described iii, Table 2-1. Repeat runs in the coirelation-database and ruiis:
with only cold. rods -indicating DNB; identified in.bold italics, were eliminated in the final correlation:
database along ‘with® points outside the corrélation parameter limits. Nomenclature for heading
abbreviations in Appendix Aare-defined bélow: | .'

TS = Test Section:Number

TD = Test Section: Type«(UM is Uniform Shape without'Guide Thimble, UT is Uniform Shape
with Guidé Thimblé, NM is Nen-Uniform Shape without Guide Thlmble and NT 1§
Non-Uniform' Shape-with Guide:Thimble).

Press = Test Section Pressure (p31a)

Tin = Test Section Inlet Temperature: (€F).

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

Qavg = Test.Section Critical: Bundlé Average Heat Flux (MBtu/hr—ﬂz)

DROD = Primary DNB Rod Thermocouple Number

DCH = VIPRE Subchannel Number Where Liocal Coolarit Cond_iti;sg‘s».are. Selected

GL = Local Mass Velomty inr CHF Channel: (M]bm/hr—ﬂz)

XL = Local Quality in'CHF Channel (fraction)

CHFm = Measured. CHF (MBtu/hr- ﬁz

Fe¢ = Non-uniformShape Factor = 1.00 for Uniform Axial Power Shape

Baséd on, Optumzed F¢ for Non-uniforim Axial Power: Shape

GS- = Nominal Upstream Grid Spacingfrom [ : I 5 c(m)
' HL = Heated Length to CHF Slte_(m) '
DG = Distance from [ 1% Grid to:CHF Site (in)

De = Wetted Hydraulic' Diameter of CHFChannel (in)
Dh = Heated Hydraulic Diameter'of CHF Channel (in)
Dhm = Heated Hydraulic Diameter-of Matrix-Channel:(in)
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“Table A-1
WNG:1 Correl ation. Database

a, by ¢

TSTD: ‘Run___ Press. ____Tin___ :Gavg___ Qave DROD DCH __ GL XL ___CHFm___FC. 6§ HL. DG __ De Dh____Dhm
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Table:A-1 (Continued)
WNG-:1 Correlation Database

a,b; ¢

TSTD Run.' Press.  Tin __ Gavg " Qavg DROD _DCH __ GL XL ___CHFm FC: GS____ HL. DG De ____Dh ___ Dhm _
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Table:A-1 (Continued)
WNG:1 Correlation:Database

a, b;¢

TISTD _ Run-__ Press. Tin; _Gavg Qavg___DROD DCH GL XL __ CHFm_FC. _GS HL. DG, De bh Dhm

Page'A-7'of A-38



WEAP:I6766:NP

TableA-1 (Continued)
WNG-1 Correlation Database

a’b, ¢

_TSTD Run. __Press. __ Tin ___Gavg  Qavg DROD DCH GL XL ‘CHFm __¥C.  GS HL: DG De_ Dh Dhm

Page.A-8 of A-58



WCAP16766NP'

Table A-1 (Continued)
WNG-1 Correlation'Database

a, ;b_;‘;.c-

_TSTD _Rum___Press. _Tin Gavg _Qavg DROD DCH GL XL ‘CHFm__FC:  GS___ HL DG ___ De Dh: Dhm

Page A-9 of A-58



‘WEAP-16766- NP

Table:A-1 (Continued)
WNG:1 Correlation Database
TSTD__Run___ Press. _____Tin Gave _Qave DROD DCH _GL_ XL CHFm_FC. __GS __ HL DG._____De Dh Dhm_ -

‘Page A-10 of A-53;



‘WCAP:16766-NP'
Table A-1 (Continued)

WNG-1 Correlation Database

a,b,c

TSTD _Run_ Press,  Tin ___ Gawg Qavg  DROD DCH _ GL XL CHFm FC.__GS  HL DG De. Dh Dhm

Page A-11 of A-58:



TS TD __ Run. "Pr,ess. »

Tin

Table:A-1 (Continued)
WNG:I Correlation Database

Gavg, __Qavg DROD DCH _GL XL _

NS 1 N o

GS

HL

WCAP-16766NP

DG De__Dh___ Dhm

Page A-12 of A-58




WCAP-16766-NP

Table:A-1 (Continued)
WNG-1 Correlation Database

. o . . ‘ . \ _ ) . a, b;c
TSTD __Run.___ Press. Tin____Gavg __Qavg DROD DCH GL XL ___CHFn FC__GS __ HL __ DG De Dh . Dm 7

Pageé A-13 of A-58



WCAP-16766NP

Table:A-1 (Continued)
WNG:1 Correlation' Database

N . . = - a"r"b“,gc
TSTD  Run.  Press, Tin: Gavg.  Qavyg DROD_DCH _GL XL _ CHfm_FC G§ ML DG __ De Dhi__ Dm "7

Page A-14 of A-58



‘WCEAP:16766-NP
Table'A-1 (Continued)

WNG:1 Correlation Database

aé;bi <

TSTD  Run._ Press. Tin- Gavg.  Qavg DROD DCH _ GL XL CHFm __ FC GS HL: DG: De, :Dh. ‘Dhm

Page A-15 of A-58



‘WCAP:16766-NP’

Table/A-1 (Continued)
WNG-1 Correlation Database

o ) y . -~ _ e . e . . , . . a, byc
TSTD Run.  Press. “Tin: Gavg. Qavg DROD. DCH  GL XL, CHFm  F¢ GS HL: DG:___De Dh_ ‘Dhm: K

Page A-16 of A-58



‘WCAP-16766-NP'

Table:A-1 (Continued).
WNG-1 Correlation'Database

a, by.c

TSTD __ Run___Press. “Tin Gavg: _Qavg _ DROD DCH. ___‘GL XL CHFm: __FC GS HL DG: De Dh Dhm:

‘Page A-17 of A-58.



WCAP:16766NF

Table:A-1 (Continued)
WNG-:1 Corrélation Database

a, b;.c

TSTD Run. Press. Tin- Gavg.  Qavg  DROD DCH' Gl XL CHFm. FC GS HL. DG: _ De ‘Dh 'Dhm._

Page A-18 of A-58,



WCAP:16766:NP
Table'A-1 (Continued)

WNG-1 Correlation’ Database

TSTD Run.  Press. Tin Gavg.  Qavg DROD DCH  GL XL ‘CHFm: FC GS HL, DG De _Dh Dhm _

Page A-19 of A-58



WCAP-16766NP

Table:A-1 (Continued)
WNG:1 Correlation' Database

a, byc

_TS_:TD Run __"P(ess. Tin Gayg:  'Qavg .DROD DCH GL XL ‘CHFm  FC' GS ’HL,_ DG De ‘Dh. _ ‘Dhm:

L

Page A-20 of A-S8;



' “WEAP:16766:NP
Table:A-1 (Continued)

WNG-1 Correlation Database

a,‘b;c

TSTD __Run.__ Press. ___Tin Gavg __Qave  DROD DCH __ GL XL CHFm. _ FC GS __HL ___ DG .De Dh______Dhm:

Page A-21 of A-58



‘WCAP-16766-NP'

Table:A-1 (Continued)
WNG-1 Correlation Database

e . S _ , . , T aybyc
TS.TD Run. __ Press. Tin Gavg:  -Qavg uDROD‘ DCH GL XL CHFm:. __ FC _ GS _HL: DG: De .Dh 'Dh_m r

Page A-22 of A-58



‘WCAP-16766-NP'

Table:A-1 (Continued)
WNG-1 Correlation Database

7 TS TD _Run_ fPress.» “Tin Gayg: ‘Qavg 'DRQD' ‘DCH. __ ‘GL:_ XL _ CHFm FC. ‘ 'G'S> 7 HL 7 DG De :‘Dvl'i,,‘ Dhm:

Page A-23 of A-58



‘WCAP-16766-NP

Table:A-1 (Continued)
WNG:1 Corrélation Database

a’i b;c

TSTD __ Run___Press. Tin___Gavg: Qavg DROD DCH _GL XL CHFm. _ FC GS HL: DG De ‘Dh Dhm: _

Page A-24 of A-58



WCAP:16766-NP

Table A-1 (Continued)
WNG:1 Correlation' Database

a,b, ¢

TSTID __ Run.___Press. Tin___Gavg: Qavg DROD DCH ‘GL XL CHfm:__ FC ‘GS HL: DG: ‘De Dh Dhm:

Page A-25 of A-58



‘WCAP-16766-NP

Table A-1 ('f('io'i’lit'in!l'éd().
WNG-:1 Correlation Database

T_S‘..'I"D Run___Press. V'Tlh Gil.vg; ‘Qavg 7.'DR'OD' "DCH ‘GL: XL CHFm: FC GS HL: DG.___ De Dh Dhm.

Page A-26 of A-58.



WCEAP-16766-NP
Table:A-1 (Continued).

WNG-1 Correlation'Database

. . . . . . . . o el : e achyc
TSTD - Run  ‘Press, Tin Gavg:  :Qavg DROD 'DCH  ‘GL XL CHFm. FC GS HL. DG De ‘Dh Dhm: e

Page A-27 of A-58



WCAP-16766.NP

Table'A-1 (Continued)
WNG:1 Correlation Database

TSTD Run.  ‘Press. Tin Gave Qavg DROD DCH  GL XL CHFm: FC Gs HL DG: ___ De Dh. Dhm: >

Page A-28 of A-58



WCEAP:16766-NP*

Table A-1 (Continued)
W NGl-l Correlation Database

a;byc

TSTD  Run. Press. ‘Tin ‘Gavg:  :Qavg  DROD. DCH. ‘GL: XL CHFm: _FC GS HL, DG De _Dh Dhm_

Page A-29 of A-58.



WCAP-16766-NP

Table:A-1 (Continued)
WNG-1 Correlation Database

- . , , . , . I . _ - a b ¢
TS:ID__Run _ Press. Tin____Gavg. _Qavg 'DROD DCH __ GL XL CHFm __FC'_ GS __ HL DG: De. Dh.__Dhm: 5 D5

‘Page A-30 of A-58
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‘WCEAP-16766-NP

Table A-1 (Continued)
WNG-1 Correlation Database

a, b;c

TSTD _ Run.’_ _Press. Tin: Gavg: Qavg DROD DCH  ‘GL: XL, ‘CHFm. FC  GS HL: DG. ‘De Dh Dhm_

iPage A-31 of A-58,



WCEAP-16766-NP’

Table-A-1 (Continued)
WNG-1 Correlation Database

, A ' . . = : y - a, by ¢
TISTD  Run___ Press. Tin Gavg. Qavg DROD DCH.  GL XL CHFm__FC  GS HL. DG De Dh:  DPm: 7

-Page A-32 of A-58;



‘WCAP-16766:-NP*

Table A-1 '(:tht'ihu‘e_d'),
‘WNG-1 Correélation Database

. : ) o . . . a, by
TSTD _ Run__ Press Tin___ Gavg  Qavg DROD DCH  GL XL _CHFm. FC_ GS  HL. DG De Dh_ Dmm_ 7

Page A-33 of A-58



WCAP:16766NP

TableA-1 (C ontinued)
WNG-1 Correlation Database

TSTD  Run. Press. Tin Gavg ‘Qavg DROD DCH GL XL CHFm:  FC GS HL DG: De Dh Dhm; >

Page A-34 of A-58



‘WCEAP:16766-NP’

TableA-1 (Continued).
WNG-1 Correlation Database

a, b;.¢

TSTD  Run. Press. ‘Tin Gavg:  :Qavg DROD DCH  GL XL CHFm:  FC GS HL: DG De Dh Dhm.




WCAP:16766-NP:

Table:A-1 (Continued)
WNG-1 Correlation Database

a,b; <

TS.TD  Run, Press. Tin Gayg:  Qavg  DROD DCH -GL: XL CHFm. FC GS HL. DG De Dh. Dhm,

Page A-36 of A-58



WCAP-16766NP

Table A-1 (Continued)
WNG:1 Correlation Database

a, b, ¢

TSTD _Run__ Press.  Tin ___Gavg _Qavg DROD DCH _GL- XL _ CHFm.__FC___GS _ HL DG __ De Dh___ Dhm:

Page A-370f A-58



WCAP:16766:NP
Table-A-1 (@oh‘t[inu'ed_g)
WNG-1 Correlation Database

TSTD Run. Press. Tin  .Gavg. Qavg DROD DCH: :GL: XL CHFm: _ FC GS HE.: DG: De Dh Dhm,

Page A-38 of A58



WCAP-16766-NP

Table A-1 (Continued)
WNG-:1 Correlation’ Database

a; b;.c

TSTD Runm  ‘Press. Tin Gavg Qavg DROD DCH GL XL CHFm  FC GS HL. DG: De Dh Dhm:

Page A-39 of A58



WCAP-16766-NP

Table:A-1 (Continued)
WNG:1 Correlation Database

. ) . L g v v » B v a,b; ¢
TSTD Run  ‘Press. Tin _ Gavg:  Qave DROD DCH  GL XL CHFm: FC  GS HL. DG De Dh Dhm:

Page A-40 of A-58:



‘WCAP-16766-NP*

Table'A-1 (Continued)
WNG-1 Correlation Database

a; b; C

TSTD  Run  Press. Tin Gavg:  :Qavg DROD DCH GL XL CHFm. FC GS HL: DG- De Dh Dhm

Page A-41 of A-58



‘WCAP-16766-NP*

Table'/A-1 (Continued)
WNG-1 Correlation Database

N . ) . . _ azbyc
ISTD _ Run.  Press. Tin Gayg: Qavg DROD DCH -Gl XL, CHFm: FC GS HL: DG De Dh Dhm; o

Page A-42 of A-58



- ‘WCAP-16766-NP

Table:A-1 (Continued)
W.NG:I Correlation-Database

. N v . o . N » a, b;c
TSTD  Run.  Press. Tin __ Gavg:  :Qavg DROD. DCH  GL XL _CHFm: FC  Gs HL. DG. _ De Dh  Dhm

Page A-43 of A-58



‘WCAP-16766-NP*

Table'A-1 (Continued)
WNG:1 Correlation Database

TSTD  Run.  :Press, Tin ~ Gavg: Qavg DROD DCH  GL: XL, CHFm: FC  ‘G§ HL. DG .De Dh. Dhm:

Page A-44 of A-58



‘WEAP:16766-NP*

Table A-1 (Continued)
WING:1 Correlation Database

o v N . o ) » . » a, b;c
TSTD _Run.  Pres. _ Tin___ Gayg _Qavg DROD DCH _ ‘GL XL CHFm; FC G5 __HL. DG _ De __Dh___ Dhm "

Page A-45 of A-58



WCAP:16766NP

“Table A-2:
WNG-1 Validation Database

. ) 3 _ o o _k _ a, by
TSTD  Run.  Press.  Tin  Gave. Qavg DROD DCH  GL XL  CHFm. FC  G§ HL. DG:  De Dh, Dhm:

Page A-46 of A-58



‘WCAP-16766-NP'

Table'A-2 (Continued)
- WNG-1 Validation'Database

a, b, ¢

TSTD  Run._“Press. ‘Tin - Gayg: _«Qavg DROD DCH GL XL CHFm: _ FC GS HL: DG: De Dh  phm




‘WCAP-16766-NP*

Table'A-2 (Coiitinued)
WNG-1 Validation Database

TSTD  Run.  Pres. Tin __ Gavg.  Qavg DROD DCH  ‘GL XL CHFm. FC GS HL. DG De Dhi Dhm:

Page A-48 of A-58.



‘WCAP-16766-NP*

Table:A-2 (Continued)
WNG-1 Validation.Database

a,b;c

TISTD  Run. Press. ‘Tin_ Gavg:  Qavg DROD DCH ‘Gl XL CHFm: FC  GS HL. DG:  .De Dh,  Dhm;

‘Piige A-49 6f A-58



WCEAP:16766:NP

Table:A-2 (Continued)
WNG-T Validation Database

ayb,¢

ISTD _Run. _ Press. Tin_____Gavg _Qavg DROD DCH GL XL CHFm: FC  _ GS HL. DG De Dh Dhm:

Page A-50 of A58,



‘WEAP:16766-NP’
Table'A-2 (Continued)

WNG-1 Validation Database

a,‘b,c

TSTD  Run.  ‘Press. “Tin: Gavg:  Qavg DROD. DCH  GL XL CHEm  FC GS HL: DG: .De Dht Dhm;

Page A-510fA-58



‘WCAP:16766-NP'

Table:A-2 (Continued)
WNG-1 Validation Database

a; b,C

TISTD  Run.  Press. Tin: Gavg  Qavg DROD DCH. GL XL ‘CHFm FC:  GS HL: DG- ‘De Dh Dhm;

Page A-52 of A-58.



’ WEAP:16766-NP
Table:A-2 (Continued)

WNG-1 Validation Database

a,-b,c

ISTD _Run _‘Press. Tin_____Gavg: _Qavg DROD DCH 6L XL CHFm__FC. __GS HL. DG De ‘Dh Dhm:

‘Page A-53 of A-58



‘WCEAP:16766-NP

Table:A-2 (Continued)
WNG-1 Validation Database
. . 3 . L ‘ o ‘ . . , a, b;c
TSTD  Run.  Press. Tin Gayg: Qavg DROD 'DCH  GL: XL CHFm. .FC'  GS HL; DG: De Dh Dhm; o

Page A-54 of A-S8;



" ‘WCEAP-16766-NP'

Table:A-2 (Continued)
WNG-1 Validation Database

_ _ . e . B e . » a,.b,c
TSTD  Run__Press. Tin- Gavg. Qavg DROD DCH  GL: XL _CHFm. FC_ GS  HL. DG De Dh _ Dhm 7

Page A-55 of A-58



‘WCAP-16766-NP

Table:A-2 (Continued)
WNG-1 Validation Database

. v A _ N o ] ) o . . _ a,b;c
TSTD  Run.  Press. Tin- Gavg. Qavg DROD DCH  GL XL CHFm. FC GS HL. DG De Dh _ Dhm:

‘Page A-56 of A-58;



WCAP-16766NP
Table:A-2 (Continued)

WNG-1 Validation Database

a, bc

TSTD _ Run_ Press. Tin- Gavg:  Qavg  DROD DCH GL XL CHFEm._FC _ Gs - HL: DG:  De Dh Dhm;

‘Page A-57 of A-58;



‘WCEAP:16766-NP

Table'A-2 (Continued)
WNG-T Validation Database

. . . . v o - a, b;c
TSTD Run. Press. Tin Gave. Qavg DROD DCH GL XL CHFm FC GS HL DG ‘De Dh Dhm' >

Page A-58 of A-58



Appendix B
WNG:-1 VIPRE Statistical Output

Page'B:1 of B:48;
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Appendix B:  WNG-1 VIPRE Statistical Output

Addetailed. summary. of the statistical: output’s of the WNG-1. correlatlon database’is g1ven in Table:B-1. A-detailed
-summary of the statistical -output:of-the WING-1 validation database is given in Table:B:2.. For:each-test:run in .
‘Tables: B-1 and B-2, the-values:for the correlation variables, the measured CHF'and 'WNG-1, predicted CHF are
given, along with thevalue-for the M/P-CHF ratio. The.repeat test-runs and any :test runs with-variables outside
the; correlation parameter range are reémoved from Tables B-1 and B-2. The:individual test section and overall
database ‘statistics are g-iven:( at-the end of the output in. Tables B-1 and B-2. ‘The individual test :and.:final

combined database statistics are given in Table B-3 for the database used to’ determinie the 95/95 DNER limit,

‘The: :«database. ‘consisted of’ the: .correlation database: and validation ‘tests: for current ;grids that increased. the

cortelation parameter range. The statistics for the subsets based on'test, rod and strap geometries;areialso’given in
Table:B-3. Nomenclature for heading abbreviations in Appendix'Biis defined below:: ‘

TS = Test Section-Number

TD = Test Section Type (UM is Uniform Shape without Guide Thimble; UT is Uniform She ith
Guide Thimble, NM IS Non-Utiiform: Shape without Guide’ TthbIe NTis Non-Uniforsii Shape
‘with-Guide Thimble)

Press = Test:Section Pressure (ps1a)

GL = Local Mass Velocity in CHF Channel. (Mlbm/hr-ﬁz)

XL = Local Quahty in CHE Channel (fractlon)

Fo = Non:uniform Shape Factor' = 1.00 for Uniform Axial Power Shape Based ori: optumzed F o for

Non-uniform Axial Power Shape

GS = Upstream Nominal Grid Spacmg, [ |l
HL. = Heated Length to:CHF Site (1n) ) :
DG = Distancefrom [ 1 * “Grid:to:CHF Site (in)

Dh = Heated Hydrailic Diameter-of CHF ‘Channel, (m)
Dhm: = Heated Hydraulic Diameter of Matrix. Channel (i)
GST' = Grid Spacing Term, [ 1%

CHFM' = Measured CHF (MBtu/hr-ft?) ‘

;CHFP WNG-1. Predlcted CHE divided by Fe- (MBtu/hr—ft )

Page B-3 of B.4S:
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‘Table B-1
Statistical Output of WNG-=1. CorrelationDatabase

TSTD  Run__ Press. 6L Xi, ¢ Gs HL DG bh Dhm  GST  CHFm  CHFp  MPi_ Mp W€

Page B-5'0f B-48



“WCAP:16766-NP

Table B-1 (Continued)
Statistical Output of WNG-1 Correlation Database

TSTD _ Run ___ Press. L XL____Fc____Gs _HL DG Dh Dim ___GST__ CHFm _CHRy__ wmpi  wmp_ HDC

Page B-6 of B-48

] & . 4 - o " iy . g o N
GEE AN S0 NS TER OGN BN W G BN A N R W WS W S e om



. SR \ N : ~ /D ' [ ;

‘WCAP:16766-NP’

_ Table B-1 (th',t‘inu'e_dyf)
Statistical Output of WING=1. Correlation-Database

TSTD.__Run Press. GL xi Fc Gs HL DG Dh ‘Dhm, GST __CHFm____CHFp ___MP.1.____MP a;b;.c

Page B:76fB-48



‘WCAP-16766-NP'

Table B-1 (Continued)
Statistical Output of WNG-1 Correlation-Database

_ISID __Run___ Fress_____ GL_____ XL FC___GS___HL___DG_____ Dh_____] Dhm ____GST___CHRm __cHRp__ MPL___mMp_ HDC
Page B:S of B-48



WCEAP-16766-NP
Table'B-1 (quhfillued)

Statistical Output of WNG-1 Correlation-Database

TSTD _Run____Press éL XL___ ke GS__HL___ DG ____Dh Dhm____ GST __cHEm__CHRp. _ wpi__mp_ 9BC

Pag¢ B-9 of B-48



WCAP:16766NP

Table B-1 (Coiitinued)
Statistical Output of WNG-1 Correlation Database

TSTD 'Run____ Press. GL XL FC____GS ___HL DG Dh Dhm GST __CHFm___CHFp __ MPi__mp__ ™ b, ¢

Page B-10 of B:48:
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Table B-1 (Continued) |
Statistical Output of WNG-1 Correlation Databas

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

Page B-11 of B48,



WEAP:16766-NP

Table:B-1 (Continued)
‘Statistical Output of WNG-1-Correlation-Database
a; b ¢

.

TSTD ___ Run Press. GL XL Fe GS HL____DG Dh ‘Dhm GST ___CHFm___CHFp M/Pl M/P_

Page B-12 of B:48.
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Table B-1 (Continued)

Statistical Output of WNG:1 Correlation Database

a, b, ¢

TSTD  'Run Press. GL XL FC GS HL DE Dh Dhm - GST GHFm CHFp  M/P.1  MP

[Pdge B-13 of B:48,



‘WCAP:16766-NP*

Table:B-1 (Continued)
Statistical Output of WNG-1-CorrelationDatabase

a;: b; (¥

TSTD  Run Press. GL XL Fe GS HL DG Dh ‘Dhm GST ___CHFm__ CHFp. __ M/P-1 M/P

Page B-14 of B:48,
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‘WCAP-16766-NP’

TableB-1 (Continued)
Statistical Output of WNG-1. Correlation Database

TSTD:  Run Press. GL XL Fe GS HL DG Dh Dhm. GST  GHFmn CHFp MPA  MpP_ » b.c

_ , . , , R

Page B-15 of B:48.
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Table B-1 (Continued)
Statistical Output of WING-1 Correlation Database

TSTD _Run___ Press ___ GL XL FE____6s ML __DE____bn Dim_____GST  CuEm _ CHFp___fwpd.__wmp__ P

[Page B-16 of B:48.



 WEAPIET66ENP:
TableB-1 (Continued)
Statistical Qutput of WNG-1 Correlation Database

TSTD _ Run____ Press. GL XL e GS____HL ___DE Dh Diim GST  Cim____cHEp Wi wp WD

Page B-17 of B:48.
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Table:B-1 (Continued)
Statistical Output of WNG-1 Correlation Database

TSTD _Run___Press aL XL____¥¢____GS__HL___DS____ Dh Dim___ GST  CHEn__ CHEp__ MPA___Mp _ MDC

Page B-18 of B:48.
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Table B-1 (Continued)
Statistical Output of WNG-1:CorrelationDatabase .

TSTD: __ Run____ Press. GL XL FC____GS __HL____DG Dh Dhim GST __CHFm__ CHFp __MP-1___ MP_ a, b, ¢

Page B-19 of B-43,
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Table B-1 (Continued)
Statistical Output of WNG-1 Correlation Database

TS TD Run Press. GL XL FE GS 'HL DG ‘ Dh v Dhm 'GS_'I". CHFm CHFp M/P-1 M/P _ ’ b’

Page B-20 of B-48.
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‘WCAP:16766-NP*

Table B-1 (Continued)
Statistical Output of WING-1'Correlation Database

TS'TD: Run Press. GL XL FC GS: ‘HL DG -Dh Dhm: GST- CHFm CHFp M/P-1. M/P 2

Page B-21 of B:48



‘WCAP-16766-NP*

Table:B-1 (Qohﬁhu‘éd)
Statistical Output of WNG-1 Correlation Database
TSTD: __Run____ Press GL XL FC ¢s ___HL___ DG Dh Dhm GST  CEm__ CHEp __wp1, e MDE

[Page B-22 of B:43
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* Table B-1 (Continued)
Statistical Output of WNG-1 Correlation'Database

a, b;c

TSTD _Run_____Press. GL XL FC GS____HL___DG Dh________Dhm GST __CHFm__ CHFp __ M/P.1 ____MP

Page B-23 of B-48,
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Table B-1 (Continued)
Statistical Output of WNG-1 CorrelationDatabase

TS TD Run Press. GL XL FC GS HL ‘DG Dh :Dhm GST. CHFm CHEp: M/P-1. M/p _ e

Page B-24 of B:48,
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Table:B-1 (Continued)
Statistical Output of WNG:=1 Correlation Database

TSTD Run Press. GL XL FC GS____ HL DE Dh Bhm GST.  CHFm CHFEp  MP1.  MP a;.b; ¢

[Page B-25 of B:48,
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Table:B-1 (Continued)
Statistical Output of WNG-1.Correlation-Database

TSTD Run  Press. GL XL, FC G§___HL DG Dh ‘Dhm GST __CHFm___CHFp___ MPi___mp__ & b; ¢

[Page B-26 of B:48,



WCAP-16766:NP’

Table B-1 (Continued)
Statistical Output of WNG-1.Correlation Database

TSTD __Run_____Press 6L xi_ ¥ GS WL DG Dh____ Dhm___ GST _ CHRm__ Citp _ MP1__ wp__ MDC

Page B-27 of B:48,
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Table:B-1 (Continued)
Statistical Output of WNG-1 Correlation'Database

TSTD _Run____ Press _____ GL XL, ¥C¢____GS___CHL DG Dh Dhm. GST  CHFm CHFp MPi  wmp  BDC

[Page B-28 of B-48:
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Table'B-1 (Continued)
Statistical Output of WNG-1 Correlation'Database

TSTD__Run Press. GL XL Fe GS, HL DG Dh Dhm. GST CHFm CHEp MP.1L MNP ayb,.c

Pige B-29 of B48,
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Table B-1 (Continued)
Statistical Output of WNG-1 Correlation Database

TSTD Run Press. GL XL Fc GS HL DG__ Dh ‘Dhm GST CHFm .CHFp‘ M/P-1 ‘M}p‘ a;b; ¢

Page B-30 of B-48.
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Table B-1 (Continued)
Statistical Output of WNG-1 Correlation Database

TSTD.  'Run Press. GL XL FC GS HL DG Dh Dhm GST. CHFm CGHFp M/P.1. _MP a,by.c

Page B-31 of B:48.
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Table B-1 (Continued)
Statistical Output of WNG-1 Correlation-Database

TSTD. __ Run____ Press. GL XL ¥e GS __HL DG Dh Dhm GST _ CHFm__ CHFp _ Mp-i___mp M D€
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Table B-1 (Continued).
Statistical Output of WNG-1-CorrelationDatabase
TSTD: __Run Press. GL xi,  ¥¢ GS ‘HL DG Dh Dhm GST __CHFm __ CHFEp __ M/P-1 wp Wb
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Table B-1 (Continued)
Statistical Output of WNG-=1:Correlation Database

TSTD _Run.____Press 6L~ xi ¥€___GS __HL __DG_____ Dh Dim____ GST CHFm__CHFp __ MP1___MpP__ &%
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Table B-1 (Continued)
Statistical Output of WNG-1 Correlation‘Database

T§TD Run_ Press GL XL Fc____ ¢S HL__ D6 __ Dh____ Dhm___ GST  CHFm__ cHFp _ wpa__ e MC
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Table:B-1 (Continued)
Statistical Output of WNG-1 Correlation Database

‘CorrelzitiqnviDa’ta'.

- _aybe
©
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‘Table B-2;
Statistical Output of WNG-1 Validation Database

TETD  Run___ Press &, Xi____FC____ G HL___DG____Dh Dim____ GST _ cHEn__ cHRp _ MpL___mp_ MPE
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Table B-2 (Continued)
Statistical Qutput of WNG-1 Validation Database

TSTD __Run____Press, 6L XL F¢____ s HL___DG Dh Dhm GST _ CHFm__CHFp _ MPi__ wmp__ BD€
_ _ R .. G5 ( -ME__
Page B-38 of B-48.
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Table B-2 (Continued)
‘Statistical Output of WNG-1 Validation Database
TSTD. _Rum Press. . GL XL FE GS HL DG Dh Dhim GST  CHEm  CHEp  MPA - e
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Table B-2 (Continued)
Statistical Output of WNG-1 Validation'Database
a; b, <

TSTD. Run Press. GL XL FE GS HL DG Dh Dhm GST €HFm CHFp  MP-1 M/P

[Page B-40 of B-48.
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Table B-2 (Cotinued)
Statistical Output of WNG-1 Validation Database
TSTD  Run Press. GL XL FC GS HL DG Dh Dhm GST  CHFm CHFp M/P-1 M/P a,bye
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Table B-2 (Continued)
Statistical Output of WNG-1 Validation Database

TSTD ___Run_____Press GL Xi, FC Gs CHL DG Dh Dhm GST  CHFm  CHEp  Mpi Mp M€
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TableB-2 (Continued)
Statistical Output of WING-1 Validation Database

TSTD.  Run Press.. GL XL _¥¢ oS HL DG Dh Dhm GST  €HFm  CHEp.  M/P-1 MP
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~ Table'B-2 (Continued)
Statistical Output of WNG-1 Validation Database

TSTD Run Press. GL XL FE GS ‘HL ‘DG Dh ‘Dhm: GST CHFm  CHFp M/P-1 ‘ M/P
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‘Table B-2 Continued
Statistical Output of WNG-1 Validation Database

TSTD __:Run_____Press. 6L XL FC____Gs __HL DG Dh Dim___ GST  CHEm__ Gimp _ mmi__ mp__ HPC
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Table:B-2 (Continued)
Statistical Output of WNG-1 Validation Database

"‘Valida_’tlaibn‘;;Dz_lta
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, TableB-3
Statistical Output of WNG-1 Combined Database for DNBR9S Limit:

Combined:Data, ‘ay b, c:
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Appendix €
WNG-1 CHF Test Geometries
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Appendix C:  WNG-1'CHF Test Geométries

The test section fadial and axial geometries for the tests: used in the.development and validation of the
WNG-1 corrélation: are. shown ‘in Figures: C-1: through-€-37. The axial relative. power. input ‘into- the:
VIPRE code ffor the' non-uniform. tests in the correlation database is shown in Table ‘C:1. The axial
relative:power input.into the VIPRE code for:the:non-uniform tests.in'the validation-database is:shown:in'
Table C-2.
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VIPRE Axial Power Distribution.Input for Correlation Tests:

‘ Page C:5 of C:51:
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a;’b; ¢

-
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VIPRE Axial Power Distribution Inputs:for-Correlation Tests.
a, b, ¢
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Figure C-

TRY = CHF TEST SECTION:82

Page C7 of C351
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a,-b; ¢




Figure:C-2
AXIAL GEOMETRY ~ CHF TEST SECTIONS 82 ,83:and 94

Page.C-8 of C-51
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a b e
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FigureC-3
RADIAL GEOMETRY ~CHF TEST'SECTION:94

Page C'9 of C:51
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a,b;¢




Figare C-4-
RADIAT, GEOMETRY —CHF TEST SECTION'85-1
First.82 CHF Points
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Figure C-5
RADIAL GEOMETRY - CHF TEST. SECTION 85-2
Last 24.CHF Poinits:

Page/C:11.0fC-51.
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Figure.C-6.
AXTAL GEOMETRY ~ CHF TEST SECTION 85
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Figure:C-7
RADIAL GEOMETRY:= CHF TEST SECTION:87
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;. b; ¢




Figure:C-8:
AXTAL GEOMETRY —~CHF TEST SECTION 87
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RADIAL GEOMETRY:— CHF TEST SECTION 89
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a; b ¢




Figure'C-10
AXTAL GEOMETRY — CHF TEST SECTION 89
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Figure C-11
RADIAL GEOMETRY — CHF TEST SECTION 104
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‘a,b; ¢




Figure C-12
AXIAL GEOMETRY — CHF TEST SECTIONS:104:and.105
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Figare:¢-13
RADIAL GEOMETRY ~— CHF TEST SECTION 105:
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a;,b; ¢




Figure:C-14-
RADIAL GEOMETRY:—CHE TEST'SECTION:90
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a,b;e




FigureC-15
AXIAL GEOMETRY ~ CHF TEST SECTION 90
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a,b;c




Figuré:’.@-_l&
RADIAL GEOMETRY:— CHF TEST SECTION 96
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a;,b;c




Figure C-17
AXTAL GEOMETRY — CHF TEST SECTIONS:96, 97 and 103
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a, b; ¢




Figure:€-18:
RADIAL GEOMETRY'— CHF TEST SECTION:97
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a, b, ¢




Figure:C-19-
RADIAL GEOMETRY:~ CHF TEST SECTION:98
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a;bj ¢




Figure:C-20
AXIAL:GEOMETRY ~ CHF TEST SECTIONS 98 and 99
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WCAP:16766-NP

“dyb; e

.



Figure C-21
RADIAL GEOMETRY — CHF TEST SECTION:99-
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Figure.{C-ZfZ
RADIAL GEOMETRY —CHF TEST:‘SECTION:95
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a; b; ¢




Figure C-23 ,
AXIAL GEOMETRY — CHF TEST SECTION 95
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Fi gureC-24
RADIAL GEOMETRY ~CHE TEST SECTION 107

Page C-30 of C;51
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a, b,;‘c




Figure C-25
AXIAL GEOMETRY — CHF TEST SECTION 107
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Figure C-26.
RADIAL GEOMETRY:= CHF TEST SECTION 108
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Figure €-27
AXIAL GEOMETRY ~ CHF TEST SECTIONS: 108 and 109
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Jayb; ¢




Figure C-28
RADIAL GEOMETRY - CHE TEST SECTION 109,
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Figure:€-29:
RADIAL, GEOMETRY .~ CHFE TEST'SEGTION 110
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:ayb, ¢




Figure:€C-30:
AXIAL GEOMETRY ~CHF TEST SECTION 110
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Figure C-31
RADIAL GEOMETRY — CHF TEST SECTION 112
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a, b, ¢




Figure C-32
AXIAL GEOMETRY —CHF TEST SECTIONS 112 and 113
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Figure C-33
RADIAL GEOMETRY:~ CHF TEST SECTION 113
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a, b, ¢




: F igure C-34.
RADIAL GEOMETRY = CHF TEST ' SECTION:83:
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Figare C-35: ,

RADIAL, GEOMETRY ~ CHF TEST SECTION 100
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a,b; ¢




Fi_g_ureC—36
AXIAL GEOMETRY —:CHF TEST SECTION 100
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. Figure C-37
" RADIAL GEOMETRY - CHF TEST SECTION 102
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a;b, e




Figure C-38
AXJAL GEOMETRY = CHF TEST SECTION 102
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4, b, ¢
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, Figure€-39-
RADIAL GEOMETRY:— CHF TEST:SECTION: 103
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-a;,b; e




Figure:C-40
RADIAL GEOMETRY — CHF TEST:SECTION EPRI 132
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Figure'C-41
AXIAL GEOMETRY - CHF TEST SECTION EPRI 132
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RAD Figure C-42
ADIAL GEOMETRY.~ CHF TEST:SECTION EPRI 158
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Figure:C-43
AXIAL GEOMETRY — CHF TEST SECTIONS-EPRI 158:
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Figure C-44
RADIAL GEOMETRY - CHE TEST SECTIONEPRI 160
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Figure C-45.
AXIAL GEOMETRY = CHF TEST SECTION EPRI 160
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