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AAbsract

This report describes the, dvbelopmet of Westinghouse Next Generation Critical HMeat Flux (CP)

correlation (WING-i!) for Pressurized. Water, Reactor (PWR), fuel -designs containing structural mixing
vaneI(M) grids andintermediateFlowM (IFIMi ) grids with splitvns The WNG- I correlation was

developed for the Westinghouse Next Generation Fuel, butcan be used for current fuel designs containing

split' vane grids that areo enveloped by the database, Th V G!,1T correai .01,ents weee d.. . vebAd

with the Westinghouse version, of the VIPRE-O 1 (VIPRE) subchannel code. The correlation was
developed based., on CHI .teqs data obtained ifrom Ithe Heat. Transfer Research-fi facilitUy zof ,Columbia:

University. The tests simulated 4x4, 5x5 and' 6k6'arrays.of the fueltassermblygeometry,, splitvane mixing

grid,;. uniform and non-uniform axialt powetr shapes, o•n-uniform radial: Power distributions, with and

without guide thimbles, varied 'heated lengths: and. grid spacing. The functional form of the; CHIF
correlation is empirical and is.based solely on. e.perien,4 obseations of the~ relationshioP between the:
measured' CHFI and the correlation variables. The same correlation form. has been previously, used for

other PWR fTel designs. The' correlation includes the following variables: pressure,-localmass velocity,
local quality, a: grid spacing term (GST), heated length from inlet to, CHPF location and the heated
hydraulic diameter ratio of the CH]Fchannel,. The grid spacigtem, GT, is defmedlteS the. [

SC, The heated hydraulic diameter ratio is defined as: the

S"C. Special geometry terms, are applied to fthecorrelation to •.acount for1grid spacing, heated

length, and cold wall effects. Based upon: the 'uniform and; non-uniform' 'data [
J " •;an' optimized. non-unifor, sha pe factor; Fc is deveopded for thie: splitv ane mixinge gri

geometries covered by the correlation,. Thee:95/95 DNBR limit foruthe WNG-1 CHIF correlation is 1.14.
The WNG-1. correlation' will be used' with Westingihouse version of the VIPRE eode: ýThe range of

applicability for: the WNG-1 correlations is summarized as follows:

Parameter WNG-1 Correlation ParameteF'Range
Pressure:.(psia) 1405.t o 2495ý
Local mass velocity (Mlbm/hrJft2 ) 0.79. to 3.72
Local.quality (fraction). 0.43
Heated length, inlet to CHFlocation'(inches) 48*,: to 168
Gridspacig&(inches) 6.4 to. 26
Heatedhydraulic diaimeter ratio, [ ] ,. 0.85. to 1.00.
Matrix Heated HydraulicDiameter, Dhm (inches)* 0.46.: to-0.53'
Grid Spacing.T6rm, GST [ ] - 26.5'

* Set as MinimumiHL value, applied at all elevations~below 48::inches
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1.0 Introduction

This report describes the developmen't of ".the Westinghouse Next Generation Critical Heat Fluxe(Cl-IF)

correlation .(WNG- 1) for Pressurized Water.Reactor (PWR), fuel designs :containing structural rmixing

vae W(M) grids:and Intermediate.Flow MIxer"(I (M)grids. AC-HFP correlation!is also -o-mmonly r•etred,

to as a.Departure from Nucleate Boiling (DNB), correlation. The WNG- 1 correlation was developed for

the Westinighouse. Next Generation Fuel, but can be used. for current ddýighS, ontiningsplita vne grids

that are, enveloped by the.,database. The split vane, designs, included in the rWNG- 1 correlation database,.

are illu.stratedl if Figure 1-1. The• • G-1 ,orrelation form is essentially the lsamea's WSSV and

WSSV-T correlations for Combustion- Engineering PWR. ((CEPWR) fuel: designs containing grids with

side-supported vanes, Referene 1. Adjustments to the correlation. f6rn are due to: the differences, ini. the

grid mixingvane design and, the, thimble tube geometry. The ,correlation coefficients were derived. with

Westinghouse ývesio nof the IRE-O 1 (IPRE) subchannel code, RLeferenee2.

This correlation: wasdeveloped based on Westinghouse Critical Heat'FlUx (CH)tet daia 6btained from

the Heat Transfer Research Facility of Columbia University. The. test data :used ýin theý correlation,

development and yalidation,'arefrom 4x4, 15x5 and 6x6 rod'bundles simulating the Westinghouse PMR

(W-PWR) fuel designs. The Westinghouse Next Generation Fuel, (NGF) 17X17 .design ýmay, contain 2

IFM grids located consecutively in a grid span between twoMV ,grids. To provide sufficient data to cover

different grid spacings, the WNG-ldatabase also contains:.previous CHF tests for existing fuel designs.
Tqeist weperfonmecd withunr and non-uniform axialpower shapes for test arrays with and without

guide thimbles. Theltest sections have'heated lengths ranging from 96 inches to 16.8 inches.,grid spacing,

of .6.4 inches to 26:inches, and roddi-ameterranging from 0.360:inches to 0.423.inches.

Thb following, sections describe0 why the new, correlation- was developed and a brief summary of the

contents of the report.

1.1 Need for New Correlation

The WNG-1 correlation was developed for,`thefollowing reasons:-

1) A new .crretation is neeied.to acAccurately reflect. thermal: performance Of the:Next, Geferation
Fuel (NGF). designs with ithe :split vane grids'. The'NGF design may have up to three grid::spar
values over, the lengt ,of the bundle.. For :exafple, for the .17x7 NGF 5-IEM designmwih a
nominal heated length of 12 feet, the. lowerregion7 has 20.55:inch grid spacing,, the center regionhas: 10.28 inch gridspacing and theupper region.has grid spacing asI low as6.4inches.

2) The new correlation:shoud be-applicable to a wider parameter range than the existing correlation
i(e.g., oealquality-higher than 30_%), in support of extended. power uprate.,

Page 1 of 82
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WeStinghouse haS developed severaI new fjelI de. sigs, collIectively idenified as the Next .Generatin' Fue"l

Design in 16x16: and 17x17, lattices. [ ] 's .shown in Figure ,1l1 are

covered .by the VNG-1 corelation da6tbase. For the, NGF designs, gid ,spacing varies .depending on 3
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: designs, CIFtest datawere taken wihthe: NGF grid and fuel designs

at the Heat Transfer Research Facility of Columbia University. Since the correlation:needed to, cover: a

large range of grid spacing, mixing grd data from previous testing were incltided in;.the:development of

the final, correlation form and, constants to make the correlation robust and to cover the W-PWR fuel

desighs'with the 0.422 inch rod diameter. The database% also included theodata for ithe.17xlT7Robust Fuel 3
Assembly (RFA) design, Reference 3,. and the, data: for the 17x17 and. '16x16! designs in Europe as
documented in Reference 4. All: of those :u designs use grids with split vanres. 3
Both uniform and non-unifornnaxial power data were included in the database for the ING- 1 correlation.

This provided the data required to develop an optimized non-uniform. shape factor, Fr, for the correlation.

The data at the measuredelevation [ I
1 C the single tube and annular 3

geometry used in the development of the: Tong non-uniform .shape factor, Reference 5. The data, at the

measured elevation were. then used ito optimize the non-uniform shape 'factor for the split vane datax with

small thimble tubes.

The WNG-1 correlation has been developed primarily for application for the new NGF fuel designs. 'The,

WNG-1 correlation 'als has A . wid..parameter, range than an existingeD.NB correlation for fuel designs
covered by its database. Since the correlation is developed with multiple 'fuel designs, it is considered to
be applicable for the designs: that fall within the'parameter range. The WNG- 1 correlation is considered I
to be applicableto the following designs:

.6 W-PWR Next Generation Fuel -(NGF)or Upgrade designs with .0360, 0.374 and 0.422-w 1
inch: diameter rods& and split vane mid-grid designs.

ý.- Westinghouse 17x17 Robust Fuel Assembly ,(RFA) designs at high quality and/or lowiflow (outsidethe range -of te W -Mcorrelation, Refeeince 3)

However, .the WNG-i1 correlation does not supersede any existing :crrelations, Reference 3, 6 or 7,

applied forthe current fuel designs.

1.2 The WNG-1 PWRCHFYCorrelation 3
Similar to the WSSV correlation for the CE-PWR NGF fuel design, Reference. 1, the WNG-I correlation.

is based'lon the ABB-NV correlation form. Towaccount for effects of the ,smaller guide thimble geometry

Page'2 of 821
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and Variable g•d spacing on the non-uniform shape factjor, modcations to the. sSSV corelation form

are made. A description of the Westinghouse CHF -tests, supporting the WNG- i correlation, is:
summarizbd in Section 2 o£fthis report. The database contains test datato support"the spcjiai geometry

terms, especially. grid spacing, for the correlation form and for validation.,

Section 3 describes thexmodification of-the. WSSV correlation form'for application with split- vanes with a
small guide thimble and the optimization .pf the coefficients fofrthe WNG-1 correlation and. ihevalidation

of the correlation. As stated above, the correlation form is based-onmthe.form used in References 1 and;S8

for the AB.B-NV". ABB-TV and *WSsV correlations.. The, form: i empirical and is based siely Qn
experimental observations of the relationship between the measured CHF and, the correlation variables..

Similar to the WSSV correlation, the cor elation form assumes that there is a linear relationshi between,

CHFand local quality

], C The correlation includes the following variables: pressure, local'

mass velocity, local quaity, a grid spacing tea, heaterdwlenghfrfom.ilet toCF location and the heated'

hydraulic-diameter ratio of the Cl-IF channel. The grid spacingterm, GST, is. defmed: as the:

] ' C. The heated hydraulic diameter.ratio is defined as the

C The F tnon-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 :axia I power shapes

All test .data were evaluated' by using the Westinghouse thermal hydraulic code, VIPRE-'O!1 (or'VIPRE)•,

Reference 2; VIPRE was used to. compute the local ,coolant conditions for the.: CH test sections. A

VIPRE model was prepare.dfbor each. test section and. appropriate empirical grid mixing factors. for the

Split vaneldesigns were input into the model.

Section'4 summarizesthe statistical evaluation for'the WNOGw.l.correlation and determination of the 95/95,

DNBR limit.. All the statistical tests. are standard statistical methods.that have been previously applied for.

other NC-approved coIrelations. Tests for normality were performed to check 'the hypothesis that; the
data are4normally distributed. Statistical tsts were:per6orme•dt6 determine ijf all or selected data groups&

belong tofthe same population; in order, tobe. combined, forthe evaluation of the 95/95 DNBR tolerance

limit. Descfiptions- of the statistical tests applied. are, .given: "in, Section 4. The &95/95 DNBR' limit isi

detenied. I. ] - Since all

data0grouped by geometry could be pooled, based, on the appliedl statigtical testfs, the95/95 DNBR limit'

for the )NG-1 correlation was based:on the. final database and determined to be 1.4., Scatter plots oftheý

ratio ofimeasured to predicted (M/P) ClIF versus correlationvariables 'were also0mftade to illustrate that the

ratio does not:,showý any trends relative to correlation variables.

Section 5 discusses how the WNG-1 correlation is to be applied in plant safet analyses or reload

analyses. Conclusions are presented in SectionS6 and Referenes are given in section 7.

ýPage 3 of82



A-detailed.summary of the co"r ation and validation databases for the, VNG- 1 orrelation: is iven, in

Appendix A. The statistical output of the WNG1 scorrelation, is; given .in, Appendix B.; A detailed

summary of the test section radial and axia power distributions is giv•n Appndix C. 3

Figure'11 3
Description of Split VaneDesigns

I
I
I
I
I
I
I
I
I
I
I
I
I

Page 4 of 82 3



IW.C'AP16766--NP

2.0 Description of CHF Test Program "and Test Section Geometry:

All theCHF expermfets, were conducted at Columbia jUniyersjty!s% H&eatTransfer Reseaatch Facility. The
WNG-1 correlation is based upon .a re-evaluation ofCHF datat from tests that spanned the period from.
1990 to I996 and new. data from tests performed in the period 19918 to 2003. The validation tests for the.

WNG- 1correlation were performed over the period of 1970,to 2001. A description of the test: facility for

the.later tests, aft Ier -1990,ý can be foud "in Reference&8. A detailed description iof tiefacility for the'ststs'

performed in the 1970's:.is given in Reference 9.

2.1 Description of Typical Test Sections.

The, correlation:form. was based, on 'the., .'SSV form in Reference% 1,. but was modified' to account for. the
effects. of the splitý vanes and small thimble as sýufmarized in. .Section,! 3.1Th data used. fr the

determination of the primary coefficients ,during developmentfof the.WNG-1 correlation were ýobtained'from-
nineteen. test.. bundles, Seven with a uniform. aal powe shapea and twele with nion-uniform0 axial p, ower,

shapes. Nine of :these test bundles, were also used in existing correlations such as the WRB-2M,
Reference 3, and theiABB-X2 for European application, Reference, 4. , The test soections 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 are. re•resentative of the Westinghiousei fuel assembly with 0.374 inch.

O.D. heated• rods, 0.496ý inchrod. pitch, and 0.474:-,'}.482 inch O.D. guide thimble. Twotest sections arei

representative of the Wetinghouse. fuel ýassembly- geometry with 0.360 inch,. O.D. heatedtrods, 0.485' inch:

rod pitch, and 0.47 1 inch O.D. guide thimble. One test section is, representative of the Westinghouse fuel.
ass.ebly geo qetry with aD0423 inch.OD. heated ýrod and 0.563 inch rod piteh. One testwas performeclto.

examine'the impact:of short grid spacing•,two.IFM grids in each structural grid, span, with the"Westinghouse
assembly geometry of0.374 inch.D. heated!rods, 0.496 inch rod pitch and.0.482 inch O.D. guideth.im Ibl e

The data .used to validate the WG-1 correlation were obtained from seven test, bundles, three wit, a

uniform axial power shape and four with non-uniform, axial power shapes. The validation database test

sectionssimulate a 4x4, 5x5 or 6x6 array of-the Westinghouse:fuel :assembly geometry with aý spl it vanef

design, % I ,miXing grids. • The., validation databaseý is :approximately :290/° of the
correlation database. The validation database was selected to demonstrate6theo \VG-i correlation is robust
and predicts data well for conditions that are sligtlyti outside the parameter range in the correlation database.

Three of 'these test bundles-were ýused. -in, the, development -of the. WRB- 1 and WB-2 correlations,
References;6 and 7, and have an older Incone griddesign. Additidnal vaidation testsf (Tests 83 and 102)

are.split vane designs that are used, outsidelthe UnitedStates. Five of these test sections are representative'of

the: Westinghouse fuel assembly with 0.374 inch O.D. .heated rods, 0.496 -inch rod pitch, and 0.474
0.482 Jinch O.D, guide thimble. Two :of the test ýsections are representatiye of the,, Westinghouse fuel

assembly geometry iwith,,0422 inch Q.D.,heated rods,,and 0.555-0.563 inch rod pitch.

Page,5 of 82
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Fro6miheý total of twenty-six tests examined, twelve of the• tests' ere conducted with a simulated guide 3
thimble and fourteen, tests were conducted with simulatedrmatrix subehannels. Typical radial geometries for

the 5x5 test sections, with and without a guide thimble, ,are f•shown:inmFigures 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

Figures 2-3 and 2-4. A typical radial geometry: for the 4x4 test sections, without a guide thimble, is shown

in Figure 2-5. The power split between the cold rodsi and .hot rods ranged 'from [ ] C 3
Theradial power distributions for theindividualtests aregiv in Appendx C. The on-uniform tests were

conducted with multiple axial power shapes,.as shown:inm'Figure 2-6. Theltest section heated length. for the

tests ranged from 96 inrches.to i68 inches. 'The upstream grid spacingin'thetests 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
Appendix A A summary of the test section geoetr for th twe -six tets is" shown in Table. 2-1. The 3
datafrom the "correlation" %test sections were' used, to. develop the coefficients for the WNG-l correlation-.

The data from the "validation" test sectionis. were used to vlidate the corelation. Since Tests• 100-102•

provided additional data with the larger rod diameter and largervrodpitch, producing,-increased values of the I
matrix. heated hydraulic diameter, Dhm, these tests Were addWd to ihe correlation datbase for the•€0relation

statistical evaluation. 3
The test gridsfor all:the Westinghouse tests are similar to.ýtheproduction.grids of actual fuel designs.. Some.

tests were performed withZircaloy-4 or ZIROTm material and, intermediate simple support (ss)' gids, were

used to preventexcessive rod deflectionwdue to eleetromagneticfforcesI I Some test grids. were made of the
stronge Incone 1625 material and the intemedi ate SS gids were nfotnecessary formininuzing rod bow and

deflection.

2.2 1 Tet Procedure and Operation 3
Alhough thegeneral test procedure has not changed& from earlier 'tests, a brief. description of the test,

procedures and operation for the:morexrecen ttests, after 2001, ý'is provided below:

At the begining of each test, cold flow-pressure drop points w'ere6btainedover arange of flow conditibris. 3
At the stait of each day: of testing, a• repeat pressure drop point, isi taken' for comparison with ýearlier -data.

These data provide, isothermai grid, span pressure Idrop values to comipare with, prediction and establish a

basefor comparison in case of a malfunction of the rod bundle during the tests.

Heat balances were. performed on the test section for check all loop and bundle instrumentation .at *high-

temperature and power and to check heat losses. These runsiwere aecompiishe.d at sibcooledý cioditionfs

before: mixing or ,CHF data were obtained at the beginning of each day of operation. Mixing or CHF

testing generally was' not starteduntil a test section heat loss"was f ] 4C Heat loss is define~das I
the'fraction of heat generated by the rods that is lost torthe test.section'shroud walls.

Subehannel mixing data were obtained at nonboiling.conditions for each test with. a uniform axial power

shape., Subchannelthermocouple data: were recorded for, eachmixing test run after steady-state conditions,

were achieved for a constant pressure;. inlet temperature, mass velocity and power. Power was determined

Page'6 of 82".
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foreach test :condition so the calculated outlet temperature in the hottest subchannel i:s :close to::thevaliue
specified in the. mixing test matrix.

Critical Heat Flux experiments were performed by maintaining the following system conditionsi constant.:
test section outlet pressure, inlet temperature, and mass: flow rate. The total power to the test setion is.

thenincreased: until, a temperature: excursion: is observed by one or more thermocouples positionedMinside.

the iheater rods. The amount of the excursion is appr6ximately 10 to 30F ,and varies depending oni

system,conditions.. When tie excursion isudged to be sufficient for a CHF data point, the power, to the
test section is.: reduced. When the temperature excursion is. minimal, confirmation, of the Yalidity of a

CHF pointis. obtained by observing theltemperature decay with power reduction. There is a characteristic
temperature decay with time as- the CHLF z0ne is Irewetted. This evidence. is considered confiringff in
cases where the temperature decay patte is typical. Qtherwise, the experientis repeated. Wen a

CHF point is§, 6bserved, the following measurenents are recorded, While holdingi the test section -pwer
constant:

1L Recordedtmanually;.
• test section outlet pressIur-e

* pressure drop across the Venturi flow meterfrom a: manometer
° test,:section pressure drop..fqm a manormeter
* rod(s) experiencing CB.

2. Recordd,ed by the'data acquisiotion system:
, test'section voltage

busgtobus.voltage
* generator amperages
• , inlet temperature
* outlet temperature
* outlet pressure transducers
* turbine flow meter
* Venturi fhioimreter transducer
• test section pressure drop transducers
* subehannel temperatures:
* heater rod temperatures.

The test matrices were designed to cover. a wide range 6f operating. conditions. and minimize peripheral rod
indications-
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Table2-1.

Geometric Characteristics of the:WNG-1 Correlation and Valid ation Tests,

Test Test Rod. Rod Split Heated Grid GTY Radial Shroud
Diameter Pitch. Vane Length spacig ie Axial split Clearance... pa. Arg , . er Shape. 'Cold/Hot. in). Grid,No. Array (-in) (-in) Typ (-in) (in) T(-in): Gri)

Correlation Data

Validation Data

a, b, I

I
I
I
I
1
I
I
I
i
I
I
I
I
I
I
I
I
I
I

a, b,9S

* EPRI Test #,,. Referenbe 10, used for Test identificaftion, Data from References 6'and 7 Applied

Gid Spiacing Definitions;
xly -

xEy -

Two grid spacings, x and y in test:

Multiple grid spacig. from x toy. For tests 108 and 109, grid spacings w~ere.i ],b

-Generally grid spacing of y, but:last grid is xinches from end of heated length (EOHL) for uniform test;

Page 8 of 82



'we APf i6766NP

Figure 24o
Typical Radial Geom etry

5x•5 MIatrix :Test

Test
Section
Height

Test Section Width Shroud
0° ¢Clearance

Legend

Rod. Type,:I, -'Hot, II - Cold
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Figur 2-22_,!gure.•2
Typical Radial Geometry'

5x5 GUide Thimble Test

Test.
Section
Height:

Test Section Width A I Shroud
0 Clearance

Legend,

Rod:No.

Rod Type, I -.Hot,. ii -Cold
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Figure, 2-3
Typical RadialUGeometry

6x6 Matrix Test

Test
Section
mkight,

Test Section Width .Shroud
CClkanrhce

-- J

* Legend

Rod No.
Ro6d Type, I -Hot,' l Cold.
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Figure 2-4.

.TypiaI.Radial ,Geonmetry

6x Guidle Thimble Test

Test
setigon
Heig ht

Test Spction Width .1 •Shroudl

09 
Clearance.

Legend

RoddNo.
,Rod:Typ•., I- Hot, LI-Cold
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Typical Radial Geometry

4X4 iMiatrix Test

'Diameter

'TestSection

Hei.ght

Rod Pitchý

Test.Section Width
0• Shroud

Clearance

Legend

Rod No.
RodType, I - Hot, II - Cold
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Figure'2-6

Axial Heat-Flux-Distribution

Non-Uniform Axial Power Shapes in WNG-1 Database

1.8

1.-4 --.-.-.-.-.-.-.-. - .----- .- ---- -------

8 .81.o -- ----6 - -- .5 -oie 144 -I

0.61.5i Cosine, 144" HLI

0.4 - U-i----a 51 Cosine, 168"HL,

-h1.55 Cosine, 168" HL.

0.2 . . . 1.47 Cosine, 150" H L -. . .. . . . . . . . . . . . .

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 17

Dlzt~mce From hinet~ Indme
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3.0. Deelopment o0f WNGi:Correlationfor split Vane Mi-xingGrCids

The W G- i 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. performed
with simulated 5x5 and: 6x6 arrays, of Westinghouse fuel designs contairig 0 to 2 Intermediate Flow

Mixingg grids(FM grids)between the: structural mixing grids. All' the grids used for the CHF tests

contain a split vane mixinggrid design, -I , C i Figure 1-1. The correlation database

includes tests: with uniform and non-uniform axial power, distributions, with and without. guide lthimbles,:

heated Ilengths from 118.1 tio168t0d inches and grid Spacing ;from 6.4 to 21t. 1 inches. Alvalidatiotn database,

approximately 29%/:of the correlation database, was then used fto validate robustness of the: correlation..

The valhdation database includes. tests with uniform and non,-unifoimniaia'l power distributions, with and
without. guide. thimbles, heated lengths from 96'to 168 inches and grid spacing, from 10 to 26inches.

The functional form .of the correlation is: based upon the: WSSYV correlation. form, developed in,
Reference 1. To. 'account for some geometric differences in' vaneý design and: guide thimble size, the
development of theý form and application .for the WNG-1 correlation. are provided in section 3.1. The:
functional form of the. CHF,,correlation is empirical- and,'ijs based solely on experimental bservations of

the relationship between. the, measured CHF and, the correlation, variables. Similar to the WSSV

correlation, the correlati~on form assume.s that there is a •inear relationship between CI-F and•-local quait.y

The 'correlation, includes the following variables.: pressure,, local mass velocity, local 'qualityl, a grid
spacing terr. GST, heated leng•hfrom inlet to CHF locatIion and the heated hydraulic diamete ratio 0of

the CHF channel. The grid spacing term, GST, is defined as. the [

], • C. The heated hydraulic diameter, ratio is defined, as the. [
I , The' non-uniform: shape factor is Iaso

optimized for the split vane data: with the small thimble and applied to the correlation to account for the

effects of non-unifom axial power shapes [ ] a

3.1, Description of Tests Supporting Correlation

A summary of the Westinghouse:NCHF tests:,supporting: the WNG- correlation is provided in Section, 2 of
this: report. Figures showing. the: geometry. f typical 4A4, 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.
Similr to previous, crffreations§,the -WNG-! eorrelation is based UpOn-a seies of tests that provide a good,

representation of the thermal performance of Westinghouse fuel assemblies. The tests were run with grids

made of Zircaloy material Iith 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

ptovided a: good representation of the thermal performance of Westinghouse fuel assembly in the reactor.

For the" tests 'in the correlation database, the rod to wall ,gaP was" sized. to minimize the risk.-of:DNB

occimrring, on peripheal rods that are not. representative of the: fuel assembly, while maintabing. similar
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hy~dralic redistanqe in the grid region fr. peripheral aind interior suhacAnnels. Therelative radial, power 5
split" betweený cold and hotrods ranged from approximately;[ ]-C to minimize the, risk of
DNB ccurring onperipheral~ro~d~s.The radial powerdsplitwas created by using tubes with different wall

thickness. The tubing was heatedby passing DC current, through the: tube walls. Inconel 600 and 625
tubing was used in thfe cpnStrution of the.eheaters. The;;heaters were filied with alumina ceram'iccylinders,

to maintain rod geometry,, prevent, deformation during testing, and to isolate the CHF detecting I
instruimetatioi from :.the tubijgaie w

Forunif~~axial p1owershape jes§s, cold rods ,[ ] had acsingle themcouple I
positioned .0i5 inches, upstream, of the, end&of heated&length., Hot rods (relative power factor 1.00). had
quadrant thernocouple instrumenitation located .0.5 inches pstream of the :end of 'heated length and, a

single.,ithermocouple located6near.mid-span of. the last, structural grid ýspan. For the non-uniform axial
power shape test, non-directional type therninouples were used"in- cold and hot rods at various, axial

levels. The location,.of the rods, withý quadrant thermocouple instrumentation and the.axial locations ofI
thermocouples'for t ihe specifictests are shown in Appendix C.

Mixing tests weme also performed .fpr test. sections with, a: uniform axial power shape. to determine the
empirical mixing, factors (inverse Peclet number, Pe, or equivalent Thermal Diffusion Coefficient, TDC)

for. the split vane gr•d''. '•Tevluate the subcooled subchannel mixing,• athemocouple was. installed in.I
each subchannel at the end of the heated length to measure subchannel outlet. temperature. A

thqrmocouple support grid was usedjto locate thIese thermocoplesin the center of the subchannels.

Since the, WNG-1 correlation neededto cover fuel designs with grfidspans having 0 to2l IFM grids, CHF

test data for split vane fuel assembly designs from previous, testing, were included in the, correlation
database, Table 2-1,, .tomake 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,,

Refer•ence4. The correlation:database for the ,W OG-1 (Westinghou9e NQD. •)correlation was selected from
Westinghouse CHF tests .based on several:criteria: i

1. Correlation database includes all data taken.with, :simulated.5x5 arrays for the. 17x17 and
16x16 NGF split vane fuel assembly designs.

2 Cbrrelationý database should include C IHF data from itests that are used to evaluate theI
split vane mixing, data.

.,3. Correlationdatiabase should include CUE data.with diff!erentrod and hydraulicidiameters
and guide thifitblesizes to expand geometri rafige&

:4. Correlation' database should includez cosine data for 0.374" rod with one EFM' between
structurali grids to appropriately•'coet range of.0 tO, 2 TM grids per norfiinal grid span for
the 17x17 designs.,

52 Correlation! should include, different: heated lengths for uniform axial data to expand I
quality r Iange,

The correlation database for theiNQF split vane correlation, WNG-i, is- given in Table 2-1. I

Page 18 of 82



WCAP416766-NP

The primary intent of the a•lidation was to bdemonstrate- the co elation is: robust. To develop a separate.
•validation database ,for.the WNG-1ýcorrelation, validation tests are~selected to:

1. Provide additional data.for geometry with 0.422 in diameter rod..
' 2: Provide confirmation that data for the RFA-2 fuelfits thecorrelation.
'3. Provide confiration that the modificatiOn totihe non-uniform shape factor is. applicable

to data fromfnon-uniform tests ..with a psinli axial power shape.
.4. Provide confirmationwthat data from uniform axial power tests with 96"hezited.length are

applicable with the heated length-term applied for~the correlation.
5. ProVide eonfirmation that cotrelation can be extended to grid spacing of 22 in anidý

pressure-to near 1400 psia.
:6. Provide at least.30.data 3 points, or approxim"ely 20% of the correlation database.

T meetesecondiions, the seyen tests it inTa wereelected for the: validation datab.ase; Iti

noted that some. of 'the tests, are for older grid designs no longer. used and Tfor grid designs, used only

outside of the United States. As stated: aboye, te, validation database was selected to demonsttafe the

correlation is robust. The applicable designs ,(Section 11.) are a subset of the correlation database.

3.2 Correlation'Form

As stateddearlier, the basic:form•ifor-the VNG-1 correlations is similar to the WSSV correiatidn developed

in Reference: L Followig the dev.elopment of fhe WSSV correlation form, the base, form..ofthe WNG-1

correlations , is developed' with the prifary , vafiales: pressure, local mass velocity, and local quality.

I1 ,ac of the correlation use these priar variables. This [ ] "' expression i~s based.

on a [
] expression used to develop the

final correlation is given below... .. ': :-aj~c

where-. q`c.-wu - criticalheat flux for uniform axial..powerý, MBtu/hr-ft2

P = Prdssure, ps§ia
GL = local mass velocity-at CHE.location, Mlbm/Ihr-ft2

XL= locacoolant:quality at QH 0 location; decimal fraction'

This base form can beý used to correlate the data from rod bundle. test sections without, variable gridi

spacing Fueldepedent specialterms are• then developed for Grid Spacing: (GS),; Distancei-,fm Grid

(DG), Heated Lengt4h (H) and Heated Hydraulic:Diameter (Dhm). As. noted 'in Reference: 1,:split yane'
test data were used to provide thed.form for the grid, spacing tenms and to fit, higher quality data for the:

WSSV correlation form development. The required terms are then applied to the,base form to accountfor

variable grid spacing. Theterms are discussed in brief for the. application for the WNG-t1.correlation. It

is noted that the W.-SSV correlation had- aset of terms to account for different :performance. in-amatrix
channel adjacent tto the large, guide.-thimble and a matrix channel.

C in the CE-PWR fuel. For the relatively smaller thimble (replaces one rod) geometry iin

Page 19 of82



WCAP-16766-NP I
Westinghouse fuei designs, the impact of the thimble is: suffic iently small that the set of correlation terms I
in the WSSV correlation (Reference ,1).to account for the, proximity of the matrix channel to the guide
thimbfe arenotarequired, simptifing, the correatioii.

3•.2.1 Heated Length, iHLL

During the deveopment ofthe ABBýNV::and •ABB, correla•tntion,•itheted length t6e rm, was developed

with uniforn axial power data with heated lengths of 48 inches, 84 -inches and 150 inches, Reference 8. I
The heoate~d length ýterm devýielopeid was a multiplier to the main' exression' with, an: exponential fonn:

where: HL Distance. from beginning of heated length( )to axial location of CH I

Siilar to -the .WSSV correlatin in Reference 1, the I
c. Therefore, the expression and'range deennined in Reference 8, are also applicable

for the, WNGý 1 correlation. Similar to the WSSV correlation, the, heated: length'value is constrained to be

noless, than 48 inches. ince that are no CHFdata availablebe'low this elevation. 3
3.2.2 Grid Spacing-Terms..

The form for the.grid spacing terms for the. WSSV.correlation was developed using the larger'split vane

database, Reference 1. Therefore, the same formn is,, applied for the WNG-1 correlation. The purpose of n
the grid spacingterms is to accountfor the effect .of the gid onr CF. Tis term results in lower CiF just' U

upstream of a. spacer, grid, which produces: better agreement with test results. As, :described in

Reference 1, to accountfor.[ ] sc was, developed, I
definedas:

]aa, c,

Where-:..La

As noted in Reference '1, this is:. sin!iar 'to thegrid spacing: term in the M ,WR2 correlation, Reference 6. n

Based upon the fitof the data, it.is concludedthat the best [ ] a"'C for the grid spacing,

term is.shownbelow:'
a, c
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where: A, B...=, Constants detened with nonliearregression analysis code

As described Mn ReferenceJ1, follow'g the application of the grid spacing[ ]•'" to the
supplemental: split vane data5.the. resultant M/P CHF ratiof data, were then examined ,for trends :to.

determinei if any :additional tetrnis needed to0 -account for the grid Spaci•g gemetric effects. One

noticeable trend was, the[

'.. The[ a C with GST determined above accounted for theý

average. effect0of the grid spacing, but did not account-for the

] :C ofthe correlation frm. :since thisterm

was originally developed with split vane data in Reference. 1, this additional term is also applied for the
NG-1 correlation. New coecit are required: to. properly account for. the split vane. mixing grid

performance.

3.2.3' Heated HydraulicDiameter of CHF Channel

For the Westinghouseý CE-PWR fuel assembly design, a :large guide thimble replaces four fuel rods. It has
been showni: that there is a diference inperformance for, the matrix subchannels near the guide. thimble

and the guide thimble side and comer: subchannels. For the:ABB-NV,. ABB-TV, WSSV and WSSV-T
correlations, References 1 and 8, the heated hydraulic diamete term was developed to-accounti for the,

differencedin performance:

where>, Dhm = Heatedhydraulic diameter of a matrix subchannel with the~samerod diameter
and pitch, in

Dh = Heatedhy draulic diameter'of the subchannel, in
B! = Constant fitwith nonlinear regression analysis code

To evaluate whether the same form•can:be applied, to the split vane small thimble geometry, the available
datai at the :maximum quality :channel at the mea'sured elevation were examinEd. The daa ith.. a

non-uniform shape factor near 1.0 were-sorted based on test geometry. The average values of M/P'CHF

ratio for different grid.spacitg; and dIifferent .'subehanneI geometry are computed'using a correlation' with

the developed form for the measured elevation data. The data are .summarized: in: the table. below. From

the data, it appearS •the form: does, Properly account,.for thelý differeneeinperformance between theý matrix

channel and the thimble channel. Based upon these results,. itis concluded' that the

, "can beyused to account for the thimble effect for fuel esigns: with the small thimble.

Test. Rod Diamleter Dhm GST MeasuredL Elevation MP ]a c
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3.2.4 Extensiio.n of Correlatiofn to Higher Quality:

As staAted ,inReference 1, a I
the 9.C*The plot in 'Figue3-1, is aneape f the obere trndw~ithsplit .vane~ dat. Basid upon

the [I

.Cval 'ddt aue pro ide-dthe lowest standalrd: dei jation forte split vane data. As a firthercheck- I
the statistical tests described in'Section 4O. are appliecfto confinn[

Following:Reference I, to account.for.the measuredc[

!] 'K Based. upon the split vaneidata at hikher.mass velocities, the form used for the

WSSV correlation .inReference 1 was

•.i~s ýshown 1

below.:-,
a, c

The value of [ ] 3

Plots of the'WNG- I correlationM/PCUF ratio versus the quality withtlhe. form adjustment- are shown:in

Section 4. 'These plots de.mon-strate that the adjustment adequately accounts. for the flow regi meeffects at f
higher qualities.

3.2.5 QOptimization of Tong Fc.Sh ape Factor for Non-Uniform Axial Power Shapes

A number2:of non-uniform: tests are included in the split-vane correlation database, Table 2-1, The axial
power, shap es •are, shown in Figre, 2-6, The, data :at: the measur ilpvajtions wer ex Aiamined with I
correlations developedvwith uniform. axial power shape data: and the correlation form:a

The matrix.test data and the guide thimble test data wereý examined separately to determine. whether the

same trend is observed in both data sets. The .non-uniform data based on local •znditions atthe measured I
elevations.% were examined with the non-uniform shape factor, Fc;, set to 1.0 and with the standard Tong
non-uniform, shape factor with the, Tong empirical constants, Reference 51 For the, case when the 3
non-uniform, shape factor is applied, the predicted CHF..is computed with the-expression:
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where:. q":cv localcriti cal :.heat fluxin channel.pedicted by the cote•!ation

F= Non-uniform heat flux factor

The vauif 0 i eemndwt h ersio~n:

I=,tC , (c,! .. .
F - J q!9(" e:- dz

The Tong empircal deemnd.coefficient;,C, is evalu ate-d witljhthexrsin

C 18*(-XL,,) 4& I (GLI9) 4  t

where: . .... =N-u no I-n-uniform heat flux at ,CHIF Iqation icrt, MBtu/hr-ft 2

q"(z) = local heaffluxwversusaxial length, NMtu/hr-ft-
l =it :distance from inlet to CHF ocation;: ft
1 =- ax~ial lengthi, ft

XLit: = equilibrium quality atCHF•locafionsý

The overall results for the guide thimnble tests are shown inhe: table below:

a, c

Based upon this. data, it appears that the~non-uniform :shape factor required for the non-uniform data to fit:
the expression de'vloped from uniform data is; [ ] "" i Plots of

the: average measured/predicted (Nl/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 non-uniform.
shape factor value required
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as shown in Figure 3-2.

The sameprocess applied to. the'thiimble non-uniform'test:data was followed vith the matrix non-uniform.

data. •Thematrix data shows a similar trend as the guide thimnbledata with F. set to- 1.0. 'Trend plot1 of

theAM/P CHF ratio based on the measured elevation correlations versus values ofAthe. non-uniform shapez

factofrcomputed with the Tonhg.efipirial 'Qoeffcients, F•a.rei shown i:n'Figurie 33. Both plots,, guide

thimbletest data and matrix.test data, showavery similar trend ofMP:close to. I forT F close to 1.0 and"

M&P.about 1.2 for FT near 1. 5.. This indicates the valueof th.e non-umnifon shape factor •ompupted wit

the Tong empirical coefficients .is ftoo. largeq'for the split vane data. inthe: WNG-I 1correlation database..

Consideration was given to modifying the ,constants in the: equation for ýC, ,simiIar to the optimization,
performed forthe side-supported and non-mixing vane data in Reference 8. However, there was no direct

allowance for the

]' C Therefore,. the values of' F0 are computed with the

expression:

L

a,, c

I
I
I
I
I
I
I

I
I
I

I
I
I
I
1

where:; Fd Non-uniform shape: factor applied to non-uniform' axial shape data
FT, = Non-uniform shape factor computedwith Tong empirical coefficients
B = Constant fitw*ith nonlinear tegressionanalysis

1 'h1i~il'ar'''eso'tavi

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 thesame 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.
falctor I

3.3 Final Correlation Form

Basedupon the evaluation ofthe uniform and non-uniform data, he following form is applied to the split

vane testdata..
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Final WNG1i C6rrel ation for-m
.a, c'

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

DNBR, q' .. .. " * F' )....... . q" cIW•:/ •, c•UJýr ..~hfixd )1

where, q7?CB, = Critical Heat Flux Based onUniform AxialPower Shapes, MBtu/hr-ft2

P.= Pressure, psyia
GL Local MassVdlocityý atCHF, Mlb/ hir-ft
XLV Local Coolant:Quality at CHF, decimal fraction
Dh = Heated Diameter,.of Subchannel,•inches
Dhm 'Heated Diam6terof Matrix Subchannel, inches.
DG Distance from.[ ] .',Gid to.CHFLocation, inches
GS = Grid Span Upstream of Grid Just'Upstream of CHF Location, inches
GST = Grid Spacing. Term = [ a];

1HL = HeatedLendth From Beginning f Heated Length to CHFLocation, inchs
q"channe," =LocalHeatFlux, Mbtu/.r-ft2

Fc Optimized F-Factor To Corr t'Q.7 ,u for NU'Shapes
FT = Standard TongngNon-Uniform Shape Falctor,

The Totg ,non-unif6rm shape factor, F ,iscomnputed with the:empirically deteined coeffici't, C,

3.4 VIPRE Model.

The test data from, Columbiah.were evaluated by using' theWestinghouseOversion of VIPME'-o 1 (VIPRE)

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

each subchannel for the, CH t est sections a't multiple axi.al. nodes. VIPRE models were prepare.d foreach

testý.section.'in the database based upon the-test section axial and'radial geometry-and-the test section axial

and "radiaipower distributions. The'VIPRE calculations were based on the measured' valueso6f`pressure,

inlet temperature, bundle average massrvelocify and bundle average heat flux.

The VIPRE decks are set up.: with 1
I , C for the non-uniform tests., The6[

define,.the grid locations,
] "Cis seected to

a , Following,
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the development of the VWR- 1, W --2 and •WRMB-2 correlations, References: 3, 6 and. 7,a calcuated i

I

For the: uniform axial power shape 0C test programs, approximately 30 mniing points were take to

evaluate the grid mixing factor. Mixing test procedures. are described in detail in Reference 11. Thetests

were performed with the same testuarrays used forthe CHF tests., The subchannel mixing data were then
reduced to evaluate.the thermal miXing. factor. Since it is[ I

I
I I

. a, cxI

The VIPRE two,phase flowand cross-flow correlations are kept thesame as that for Wetinghouse fuel

design applications in.Reference2:. The input specifications fortheNVIPRE model are summarized in,
Tabile.:3-2..i

3.5 Data Evaluation and Statistics.

The following steps wereperformed f5r the optimization of the WNG-1 CIHE correlation c oefcients with I
the CHF correlation database: I
1.) The data fromall thetests inthe correlationdatabase arereduced•with the:VIPRE code to obtain.

local mass flow and qualit conditions for all ýsubchannels and multiple axiaal nodes .for each test
run. A utility code was then used to select the iocai conditions from the . I

], C•.from -the VIPRE code. This was a,

The [ ] C coeffiCients for the final correlation form, provided in Sectiori 3.3, Were then
determined from the [ ' 2 using a nonlinear regression analysis, As,
dis~cussed in ýSection 3.2, the coefficients for 'the, heated' len1gth termt are: to be -The same as the
ABB-NV,:ABB-TV and WSSV correlations, References 1 and 8. TO provide optimization of the
non-uniform shape factor [.•

2.) The data from the correllation database are, then reduced in a version of VIPRE that has the I
correlation coefficients determined at the[ ] ", C The data fromall the tests in:
the correlation database are [ ] 2,.. with the VIPRE code to obtain localmass flow
and quality conditions and, DNBRcalculationsý for all subchannels and multiple axial: nodes for3
each. test run. The local conditions, were then [
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] •' for each test run4., While
I C of the correlation form were optimized usingý a

non-linear regression analysis.

3.) Step. 2.mas repeated with the WNG- 1 correlation in \JIPRE having the coefficients determined ýin
step 2. The.-local conditions were then [

j " C determined in step •2'. The correlation statistics at the

MDNBR: elevation were evaluated using the coefficients determined in step 2. The. [
. . coefficients were then: re-fit using a non-linear regression analysis and the correlationv

statistics were ,computed using the- new coefficients., Since the [
] , the coefficients determined in' step 2 are considered to

be final.

Following the same process describedin Reiefeence 1, a non-linear regression analsis code was also used

to sotand fit thle: test data. 'The optimization of the constants wasv performed on, data with1inthe parameter

raiges shown in Tables 3-3 and 3-4. The code was also, used to [
2, The repeat runs were identifiedin the Columbia database.

To be considered as duplicAtedata,, the I

] , C. After the initial run,. the code could

have been used to separate out.outliers, following, the procedure described in Section 4. No points in the
correlation database were rejected by this procedure as- otilers.

The WNG-1 ,correlation with the final coefficienits ,for application With the VIPRE ,code is shown on t e
following page. The means and standard deviations for the M" CHFratio for the correlation database:
and individual test sectionIs ate presented in Table 3-3,. along with, theorange of the primary variables. As'
stated earlier, the statistics for the correlation database, are. based upon the [

j with the correlation. applcati on. The'statistical output for the individual test points in
the WNG- 1 correlation database are provided in Appendix B. Further. discussion of the statistical

evaluation of the WNG-1 correlation is givenifin Section 4.
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Final Correlation Form and Coefficients for WNIG for VIPRECode
a,.b, c

Nomenclature:

qýc cwu = Critical Heat Flux, Based on Uniform Axial Power Shapes, MBtu/hr-ft2

P -Pressure, psia,
GL = Local Mass Velocity at CHF, Mlb/hr-ft2

XL = Local Coolant Quality at CHCF, decimal fraction
Dh = Heated Diameter of Subehannel, inches
Dhm =HReated Diameter of Matrix Subehannel, inches
DG = Distance from [ ] a, C to CUF Location, inches
GS - GridSpan Upstream of Grid Just Upstream of CHF Location,. inches,
GST - Grid'Spacing Term = [ .I

HL = Heated Length From Beginning of Heated Length to, CHF Location, inches
Fc0  Optimiz.ed F-Factor to Correct q"CBJu for: N Shapes,
FT Standard Tong Non-Uniform Shape Factor

3.6 Validation of Correlation.

An independent validation, database was generated from tests ex•luded from the ,correlation 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 summarized in Table 2-1.

The validation database was generated in a manner similar to the process usedto generate: the correlation

database [ a,

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

measured values of pressure, inlet temperature, bundle average mass velocity and bundle average heatfflux
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at CH-F,as given in APpendix A. For.test.ts documented .inReferences 6 and7, the

, C The lcalcnditions atth

] C are used to determine the M/P CHF ratioý. For non-uniformntests, the :calculated DNB;

ratio is' modified.with the [ ]C for the axial shap lfactor, Ft .

The means and standard deviations'for the M t/IFratio for the validation database .and individual test

sections are presented in Table 3-4, along with, the, range: of'the-primary variables. JIt:is noted,. ,that ',no:

poits: were. eliminated as an outlier by the, procedure described in m Section 4 ýi the -validation, database.

The statistical output for 'the: individual, test, points in the WNG- 1 validation database is provided ýin
Appendix B. Furt..er discusSion: of, the statistical eValiation of theWNW G-. 1correlation is' given in

Section 4.
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Table 3-1
] ý Input to VIPRE

a, b, c
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Table3-2.

Input Specifications for WNG-l Test VIPRE Model,

1. ,Supplementary DNRS1output1fi e selecte: I DNBRS set:to 2,or 3 in cONT.6

2. Single phase:friction-factor: f= [f
3. Two-phase flow Friction multiplier: [ ] ,

4. Two Phase.,Flow:. 1[

5. Axial Power Distribution:

iUniform Test,:uniform axial power distribution

N1on-unifomnnTest, non-unifoirm axial power disteibution specific to test,

6. Grid loss coefficients used: See!.Table34-.

7,. The ctossflowresistance factor: [ 1. ,b,
[ c,

8, . The turbuient momentum factorV: [ ] C

9. The traverse momentum parameter [ ] C

10a. Theaxid flow convergencefor extemal iteration,.ERIROR set to [ ." C,

11. Turbulent Mixing-:
aX" (this applies .toboth single and two-p•hase.conditions)':

12, Uniform mass velocity was used as the linlet :flow, option

131. [ a C' for non-unfo6r tests
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TableJ3-3

CHF Test Statistics for WNG41 Correlation:Database

Test R6d Roed h ANG- I
No. Diaetier Pitch Dhm iengt ST Heat ed

...... in)" (• i.)! (in) (.in)i Shape. Thimble N M IP S /P

I
a,:b•c 5'

I
I
I
I
I
I
I
I

Parameter Range. of Data:
Pressure,, psi:.
Local-Mass Velocity, .flb/hr-fte:
Local Quality:

Mmih
Min!
Mmin

.14,85
0.79
-0.:21.

Max-.
Max.
Max:

ý2495..
3160.
0.43:

I
I
i
i
I
I
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Table 3-4

CHF Test Statistics for WNG-1 Validation Database

Test Rod Rod Dhm Heated Axial uide WNG-1
No. Diameter Pitch Length GST Axial .Guide

ai (~- in) iShape Thimble w M/P S
(in) (n(iMean, q) Std0.Dev.

a, b, c

Parameter Range :of Data:
Pressure, psi:
LocalMass Velocity, Mlb/hr-ft2 :
Local Quality:

Min.
Min.
Min.

1405
0.86
-0.14.

Max.
.Max.
Max.

2495
3.72
0.33
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Figuire- 3-'1
Split Vane Uniform MatrixvTest. Data vs. XL

:a,b,c
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Figure 3•-2
Non-Uniform Guide'Thimble:Data

tfot Co relption .Based on .Guide Thimble UniformData.

aib,c
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Figure:31L

:NonUniform Data Trend with.Non-Uniform Shape Factor

Computed with, Tong Coefficients,'FT

a,b,c
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Figure 3-4

TDC [ ] a SplitVaneDesigns

a:,b,c!

1
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4.0 Statistical Evalu ation

The mean and. standard deviation .for the. ratio of :measured to. WG- 1 predicted CHF are shown in

Table 3-3 for the, correlation database: and the- individual test: sections and Table '3-4 for the. validation

database;'and iidividual test sections. A statistical evaluafiorn is: performed -with..the:WNQG-1: correlat'on

for [ ] , the correlation database, the validation database, and a,
combined database. To demonstrate that the correlation is robust,

S' the :.final combined
database. Theistatistical tests applied:.re the same tests applied in Reference -1 and 8 for the AB- ,

ABB-TV,'. and WSSV correlations. The data in the correlation database, validation database, and final

comhbined database were .,examined to' dete•rine whether any data would be elimiated asan 'outlier per
the procedure given.:in Chapter. 17:of Reference 12, he same rigorous outlier test :applied :in :References 1L

and $8,. No points from•either the WNG- I correlation database or ,he ,vaidationi dcatabase wetreelitinated

by this test.

Section 4.41 describes.. statistical test methods and procedures, similar to those in References 1 and 8,. used

for evaluationýof the:WNG- 1 correlation. Seetion 4.2iprovides, results ofthe statistical.,evaluation and the

correlation 95/95 DNBR limit.

4.1 StatisticalTests

Statistical tests were performed to determine if all or selected data-groups belong, to0the same population,.
for the evaluation, ofthe 95/95 DNBR limit. For normally distributed groups, homogeneity of variance

was examined using Bartlett's test and homogeneity of the means was examined withthe:t-Test orgeneral
F-Test. The t'Test with equal variancos, Reference 14, was applied for testing the equality offmeans of
two groups. that passed both thenormality, tests and the homogeneity of variance test. The t-Test with
unequal variances, Reference 15, was applied for testing the equality of means of 'two groups that passed

• .~ ~~~~~ ,, .. . , , .... , , . . % I- I. . . .. ... . . . . . .... . 1- . -.. . ... -

the normality tests but failed the homogeneity of varianceitest. The ANOVA-F-Test was applied to

multiple, groups: that passed the normality tests. For groups that, did not. pass, the normality t•egt the
Wilcoxon-Mann-Whitney Test or the-Kruskal-Wallis-One-Way Analysis of-Variance by Ranks'Test is ,used
to test. the null hypotheses tha the• medians, or taverages, of the tests or groups are the same. The

Wilcoxon-Mann-Whitney Tes9t was applied for testing the ombine-ability of twogroups and the Kruskal-

Wallis. One-Way Analysis: of 'Variance by Ranks Test was applied toa multiple: groups. For. groups tat
failed the D' Normality Test but passed. other noraility tests such as the Kolmiogorogv-SmirnV: Test, the

Bartlett, and F-Tests were applied to check for poolabilkty of these groups. Data. that dOidnot pass any of.

theseltests were not. combined.

The one-sided 95/95.limits were calculateddfoi a combined correlation and validationdatabase using data
for currentgrid, designs, after the data sets in the database wereevaluated to be poolable. The poolability-
tests were performed on the correlation andvalidation databases. The poolAbility tests were. then applied

[J " C for ihe tests: in the combined database. For normally distributed groups,

Owen's one-'ided tolerance limit factor, Reference 16, is used, to, compute the 95/95 DNBR limit. For
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groups that, are not normally distributed, adistribution-free or non-parametric imit, from Chapter 2 of I

Reference2 12? is established. To cover all regions with the 95/95 limit, the mosteconservative limitfor any

subsetexamined is applied to theoentire set of data. 3
Scatter piotqswere t hen generated as measured to: correlation predicted CHaF ratio- versus each. of the:
variables. intheý correlation: to examine, the correlation, fortrends or regIions, of- non-conservatism.. The

DNBR limit is :albs hown on theselot to show the number of test points that fall below the limit and

the~location ofthose points. The total number of test points thaftfall below the limit.is also identified. 3
4.1.1 Treatmentof Outliers

Each database is examined for outliers by the following method:

The probability of rejecting an observation when all data belong to the same group, q, was selected to be I
0,05e., The: term: a'= 1 1-(lc!tn is computed. The value of (1 . .c'/2)ý is the:ý normal cumulative

distfribution. value,, g and the value of zf ý/2 :is calculated or. taken from cumulative, normal distribution. I
tables. Fora mean value, ofin, the values-of a ,andd bare computed whe-re:

a " m O* zlf, 2. I
b = + 1+ * zi,,12

Any observation that does not fie mi the interval a tob is rejected. 'The method does assumei. anoinmal I
distibutfiqn anfd the valu's of ji, mean of the data, and s, standard deviation of the data, are reasonable,

estimates of m and .a. Therefore, care must be taken to ensure the elimination of.outliers is justifiable. 3
Based:upon the application of this test to the correlationdatabase, validation:database and fmal combined

database, no points were eliminated.by this test,

4.1.2' Normality Tests I
The W and D' tests, Reference. 13, wer. used to ,ealuatelthei assumption of a normal distribution- For

inidividualtests with less than 50 test.poiints, the W testisa::pplied. The test statisticW is comrputed, as:

W= bWI S2

where: S2 = ( -,)2 I
i=1

b an1 i1 (xA -+l ý xj in ascending -orderI

ai from Table 1, Reference 13
k = n/2 ifn is even and k = (n-1)/2 ifn is odd

I
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The value of W is :compared,,with perentage 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: withý
n. 50,0the D' n,6o&ality : test sapplied. The test statistic :1j)is 'computed As:

D, TI'S.

T =)- (n+)/2}x xin ascernding order

The calculated: value of D' is compared with the percentage points of the distribution. of UDfrom Table 5'

of, Referenice 13. The :D' test indicates non-noriaiity ýifthe caldulated value ofD'fals ouIts ide of the
rangeý established from Table 5 for P set to 0.025 and 0.975. These tests, were selected .since. they, are,
considere to: be.more rigorous compared to. other nfrriality ttst. such as the Kolmogorový-Sminov test

Furthermore, the D.'and W tests are the: ANSI standard tests thathave been used in previous data.analyses
reviewed an approved by•the• R.

4.1.3 Statistical Testsforomparison of Data Groupso

Statistical tests -wered.perfonned to determine whether data groups could be :considred to conmiefrom one
population. The Bartlett. test 'for homogeneity of variances and.thet-Test, for 2 groups, or, the'F-Test, for

multiple. groups are applied, to determine if data groups: can be combined. If the data, groups. fail the
normality test, the'Mann-Whitney Rank Sum test or. the Kruskal-Wallis One-Way Analysis of Variance by

Rianks test isd usedto checkthe null hypotheses that the medians, 'or a erages, 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 'a-erages, oflthe tests' or groups are the same for multiple groups that pass

the: normality test, but 1fail the 'homogeneity of variance test. For the groups that pass the equality of
means tests or the non"parametric tests forthe null hypothesis§ that the sampiles :are fromz the .same

population, the normality tests are applied to the combined groups to check-the assumption of normality.,
If theýcombined ýgoup pagses the.normality test, Owenlsl one-sided tolerance limit factor,.Referiýince ý16, is
used to compute the 95/95 .DNBR limit. If the combined group fails the normality test, a:distribution-freeý
one-sided 95/95 limit is:determined, Chapter 2 of Reference i2. A brief description of the comparison
tests is given below:

4.1.3.1 Horn ogeneity of Variances

One, of the most. used. tests for. examining the homogeneity of a. set, of variances is Bartlett's test

(Reference 17). Bartlett:showed that for a set of variances estimated from Kindependent samples from

normal distributions, having a, common variance ;2, a quantity M/C would have a: distribution

satisfactorily approximated by theX::disltibution. Specifically:
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M = ln{1 k 4-T
CI +
C -,1 .3(K _.) I ..,Yt:

where:: s5tis an:estimate :ofvariance fortest sectiont based on degrees of freedom vt , K is theý
nunber of test sections,

.=1

and.the quantitVM/CiS distiibuted approximately as :Y with K-i degrees' of freedom.

4j.13.32 Test for Equality of MeansforTwo Data Groups,'-Unpaired. t-Test

When.data:from two groups passedt"he test for homogeneity of variances,:the t-Test-was employed to test

the hypothesis that mi -: = 0.0 or that pt = [i2,,where ti:is themean from data group 1 and. 2 tis the mean
from data group2. The test statistic tis :caIculated with the: expression:

qqpý:! Th. S.o....!/•. !.-,g:n ressip

n1, n2 (/ l

l-:)2: + -,: u 2 )
2 1

where:. S~2= ................ is.a "'p ooled" estimate:
nl.÷ :n2:- 2 1

The computed value of t is compared with the value t, nl•l- in:a table,.of percentiles of the t distribution

f6r.A setto, 0.05. The hypothe sithati,-4 Pt iS rejected if the computed value; of is larger thien-the value I
When data from tw groups passedte test.for normality, but not thet'est for homogeneity of variances, a,

t-Test- with unequal variances described below was employed to test:the hypothesis that t - 2 = 0.0 :or.

that Pji = pt2 where. ji is, the mean from data group 1 and gi2 is the mean from data, group: 2 From I
Reference. 15, the tetstsaistic. t is calculated with te expressi.on,

II
(S /,- l + S-2 2 0:.5

where: 8j, Variancebofsample li, I
ni Numberof data, sample i

I
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4.i4.3.3 Test for Elualiy of•Means for MultiPle DataGroups;-Analysis of Variance; F-Test

An analysi of variance t§t was performed.to test the equality of means and determine Whether thi data

from multiple tests orgroups couldbe pooled. One of the usual techniques for examining the equality of
means determined in anmexperimental study isa particular form of the F-test. In this, technique, two mean
squares, are found, call them SI, the between test-section mean square and S .the within test section, mean
squre0, If K h is. . numb.er of test sect ons, t ,the number. of data for test section. t and n. i the'total

number. of data.

A. k ,and

In-thes expreSSions Xti: is: an indivYidual datum for test section tL, Xt is the mean value. of X for test

section It and X is: the grand mean for all. data. Under the hypotheses: of normality, homogeneity of

variance and equalityof means, S1 and. S2 are independent estimates of the variance, a', due to random
deviation from.the true grand mean. Therefore the ratio:

,F: 1 S 2 , should follow the F distribution with degrees of freedom
iK- 1.- ai.nd v =: n -X

The calculated value Of F -is compared with the value of F,;a(v 1, v 2 ) for a set to 0.05. Should the test
section meansmnot be equal, ,Si will contain additional components of variance. Therefore, large values of
F require the rejection of the liypothesis of equality among ýthe means of the tests'_6r groups.

4,.1.3.4: Distributioni Free Comparison ofAverage Performance

F or" combinations that have one or :both: tests fail the 'normality test, the Wilcoxon-Mann-Whitey Test,

References 12 and 1 8, is used to compare two groups., To:'apply this test when one of the samples has.
n> 10, all groups :.considered, the data are: combined. Tihe number ofpoints in..the smaller' sampl Is m;
the: number from the 'larger group is n. TheAIM/P:CH-F values from, the two'.groups are ranked from 1. to
m f+ n= N wiAthtiedranks being assigned the-average. The value of T is:conmputed by summing the ranks
in the:smaller group. The value of z is then:computed with the expression:

TO0.5-m*,(N+ 1)/2,
Z [m* n*'.(N+ l)'/12r.'5
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The significance of z is' assessed frtom fcumulative n Irma distribution table. The value ofz :zmust fall 3
between -1.645 to 41.645for thetwo,:groups to pass the null hypotheses that the, groups are drawn from,

the same p6pulation for]? eq u 0.950 for the left and right tails of thedistribution. 3
For comparison of tests or multiple groupsthat fadiled the Bartlett test forequal variance or the D test for

normality,.theKruskal-Willis One-Way.Analysis of Variance by Ranks test, References 12 and 18 isý used.3

The level of signifiane of the! tei, •. is ' selected to be 0.05. The- i vlue ftor KI = degrees ,of

freedom is; taken fromf atableoftheper entile Io the, b 2 distribution. The data from all tests or groups

are raned from lowestio 'highest. The H statistics isthencalculated with theq:equation: .

H. 12 KR: 3
where:'Ri, is the sum of the, ranks for 'the ith. test, ni,.. is the; number of points. in 'test i ýand N is the. total

number of points. If H>?-""I,, one, rejects the hypothesis- that the averages aretAhe same.

4.1.4 One-sided 95/95,DNBR,.Limit,

All data from the correlation and validation: databases. could be considered in. the. establishment of. the

one-sided 95/95 DNBR.tol•erance limit if the data.can be pooled. Therefore,, the compa•rison tests are

performed on the combined data sets and grouped:. data based on geometry prior to the determinationof I
the 95/95 DNBR limit, if not all of the data could beipooled, the data •wereseparated into substS that

could, be pooled and the.95/95 DNBR limitwasz established for thedifferent groups of pooled data. TheI

computed .95/95 DNBR l.it'for t he classof data Iproi0des6 95% probabiity at the 95% confidence level

that a. rod in, that class having: that DNBR. will not, experience. CHB. The most conservative: limit.
detefrined forany group of data examined is heniapplied to theentire correlation data set. For nonally 3
distributed ,groups, Owen's one-sided tolerance limit factor, Reference 16, is used to compute the 95/95,

DNBR limit For groups tat. are not. normally distributed; a distribution-free onor n-parametric limit,

from-Chapter 2 of Reference 12, is established.

4.14.1 'Normally Distributed 95/95 DNBR Liniit

The mean and. standard deviation of the ratio of measured to WNG-1 predicted, CHF are: computed for.,

each ldata group or class. Pf data that pass the: comparison tests and D' .norality test. This group can,
include all data from the correlation database and validation, database or a& subset of that data. A 95/95

D!BR limit'is evaluated for each group based on the following formulas:- 3

:DNBR9• 5  Y-KS
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.]6451.645[1( 2..2 706' 1
2(n -1) n

K2.706

:2(n-1).

where: = nean Of ratio of measureidtoptredicted'Cl-IF
S = Standard deviation-of measured to predicted CHF
K . 95/95 confidence multiplier (expression given in Reference 14, practicallyz

equivaiefit to Owen's tables, in:Reference16).
n =:number ofdata points.

4.1.4.2 Distributioniree 95/95,Limit,

For data: groups -that! do not pass the D'; normality test, a: distribution free. one-sided, 95/95 limit. is

established. Table A-3 1 of Referenice 1ý2 gives thelargest valiue of m such that. ne can assert :with 95%

confidence that 95%.,of the population lies above the'•mO, smallest-.value of Xi where Xi is an individual:

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

Astated earlier, iff all of the -data in the combined correlation :and validation database could not be

pooled, the most.v conservative 95/95 limit for any subsetf of that :data is. the specified limit for the.

correlation. , AsAcheck on the, limit, the total number and percentage of test points that fall below the

specified limit- are also identified. In addition, the limit computed for the entire database ýis -computed

using.the total variance approach applied in'References 6and T Also,Athe limitffor the entire.,database is

computed using the distribution free method if the entire database is not normally distributed.

4.1.5 ýGraphical Verification

After the determination% of the 95/95: DNBR: limit for the correlation, scatter plots :are then generated for

each of the variables in the correlation to examine the correlation: for trends or: regions of

non-conservatism. The N/P.ClF ratio is plotted as; a function of pressure, local mass velocity, local

quality,. matrix heaed hydraulic diameter, Dhm, heated hydraulic, diameter, Dh, the: grid spacingterm,,

GS;T, heated length ffom BOHE to location of CHF,, and the optimized non-uniform shape factor, F. Thei

DNBR limit %salso 'shown on these6plots to show' the number of test points that fall below'the limit and

the'location of those points.

4.2: WNG-1 Correlation Statistical Evaluation and 95/95 DNBRILimit:

Following References 1 and 8, the W and D'.Normality tests and comparison tests described in

Section 4.1 were, perforned to determine if the WNG- ,1 correlation and validation data were random

samples: from oe ori.Of, more populations: and whether'the data from individual tests. and the, combination of

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

,co0elation and validation data were from the same population to determine whether the validation

database did validate the correlation.. Ifthe data are from the same population, this allows some or allof
TPAge,49 of12.
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th••validation database to be combined with the corr•lation database prior .tof•rtherf examinations for bias 3
and&. the one-sided ,95/95` DNBR limit. Themean and standard deviation for~the:. ratio of measured to:
WNG-i predicted CHF -are. 'shown in Table; -3, "for ,the ,correlation datab-ase, and Table. :3-4 for the,

validatiOn database. The correlation dataibase has§1,412 poinits !and the:validationi databaseihas 412.points,
or 219'o of the correlation database. Test for normality of:the .data for theý correlation and validation
databaisos were perfored and the.results arOegin in Table 4.21 Altho'gh the correlation-database did 3
not pass:Athe normality ,est, the BartlettTest- and t-Test were applied to; the correlation, and-validation, data'

along with the distribution free Wilcoxon-Maiin-htney, Test for goup comparisons since the correlation

data passed otherhnormality tests such as the Kolmogorov-Smimo•,v Test. The resu6lts from the comparison U
tests are summarized, in Table,4.2-2. When correlation and -validation tests passed the normality, testbut

failed the Bartlett test, the t-Test with unequal Vafiances was used to test. f1r ',eq-lity of means. The 3
Wilcoxon-Mann-Whitney Test was: also used: to test the hypothesis that the two groups could have the:

same average performance. Based. ,pon this evaluation, it s :concluded that the validation database does

validate the correlation.

As stated previously, to. check the. obuistness of the cotrelation, some of the data. in the validation'

database: are from tests with

]• C The WNG-, correlation 95/95
DNBR limit isdeterfmied [ ] "' • ThdereforeIthe
validation data

], are added to the orrelIation database.to produce thecom.bined

database ,used to determinethe,95/95 DNBR limit• i
a c' to the.. eorrelation. databaseto ýdetemine the 9'5/95 DNR limit.

The results of the parametric comparison tests •for, the: combined database used to determine., the. 95/95

DNBR limit for the correlation are: given in Table.. 4.2-3. The results indicate that[

] .• Additional statistical tests wee .then ierformed with the test data grouped by test

geometry,. The database has datafirom guide thimble tests, and matrix tests; so test section geometry is oneI

variable. examined. The database has. data .for: te's'ts sections. with f

-" " "is another variable: examined. The

databasehas§data for [ .

I
I

j • thatis :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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The first step was§: tq ?exam each geometricgoin0p- the ¢database• with the .normality tests. The results!

from these normality tests are given in Table 4.2-4. The next step:was to examine equality of variance for
the groups., The data for the: [

• C Therewere three

sets examined, the [ ] . The4

rsulits .6f the Bartlett test:zare, gi-efi .in Table 4.2-5. Based upon this test, the data grouped by
a,'c the Bartletttest for equality of variances,

S , Since the data grouped[

wawasapplied to testjthee:eqýality of meatis. Since theAdata grouped. by
[ J o, C

was applied fo!r the comparson of:mean, test. This test wa's. also applied to the-data grouped by

I c The' data grouped.

by
C Thezresuits, of tlie:comparison tests are

given-in Table42-37: Based up'n thee tests; 1 the.data grduped by

] C could: all be pooled. Therefore, foreach

,] ' C the 95 5/95 DNBR limit is based on the, entire database of 1581 poits in

Table 4.2-3.

Since theq comibined database [ ], C is
based on the parametric method' described in Section 4.1. The: one-sided .95/95 DNBR limit for the:

WNG-1 cotrelatin iis Computed to be .1A39, as shown 'in Table: 4.2-8. Therefore, the 95/95 DNBR limit

is set to 1.14.; Aplot of the measuredCHF versus the: WNG-1 predicted CHF for all the test data: is given,
in Figure:4.2-1, along with the DNBR limit curve. The DNBR limit of 1.14 is ýequivalent to a, value of
0.8772 for the M/P CHF ratio. It is noted that for the entire databazse, fifty-six test points, or 3.5%nof the

data -fall below:the.NV9P95%!• ii0f 0.8772.

The data are then.examinedgraphically in -order to check, for any deviation as a.function of the correlation

variables. Thilop t's :ofthe &ŽP ClV-Iratio as a: fnction' of presgure, local mass .elocity, local quality,
matrix heatedhydraulic diameter, Dhm, heated hydraulic, diameter, Dh, the, grid spacingi term, GST, the

heated length from BOHL to location,' of CHF, and the optimized non-uniform shape factor, Fc, are shown
in Figures 4.2-2'through 4.2-9. The6:NBR limit is also. shown on theseplots to show the number ofutest

points -that: fall below the limit and-the location of those points.. There are no observed adverse 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 DNBRIlimit is determined to be 1.14. The applicable, parameter ranges for
the WNG-I cofrelation are given in Table.4.2''9
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W and D?'Normality:Tests
WNG-I Database

Data

Data

_N Mean Calculated

w
N Mean Calculated

W D)' Pass
P=-025 P=.975q Test

a, bic

P=.05

,Pass

Test

ab, c
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Comparison-Tests

WN•GI Correlation and .Vaidation Databaseo

Bartlett TeSt Rsults.-WNG-1 Data

Pass.

Test:Database N Mean •S K 'C MVC 2

a, b,. c
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TAble4.1-3
Parametric Comparison Tests

CmIn ed: Correl ationt and 'Val ida.tioln WNG.-tDat-a~base

I
I
I
I

ab

I
I
I
I
I
1
I
I
1
I
I
I
I

Database

ALL

N,

1,5811

Mean'

1L0027,

S-

\0.0730

BartlettTest Results - wNG-1

K, M

22 122:86

F-Test, Results-"G-1 Data:

1C

1.Z:69

M/C

122,'01! 32.6

TeSt

No:

Database

ALL,

-Ai

21 1559' 0.0290 0.00501 5.792 1.57 No
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Tabl.." 4.2-4
WNG-• Final Dafabase [ C Normality:Test Results

D' D" D'. 'Pass

Callculated P=.6251 P.7 Test,
________ _________ aý, b c

Data *N Mean

Table 4.2-5

Bartlett Equality of Vari'annce:Test Results,.'WNG-1

Pa ss

fg,9 TestTests df. M: c. M/c.

L
:a, b, c
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Table 4..2-6
Parametric, Comparison Tests for Pooled

WNG-l Database
] •:c'.!Su bsets

't-Test Results with Unequal!Variance Data Grouped by Test Geometry

Pass

Geometry I "S_ iS_. Test
.a, b, c

I
I

I
I
I
I
3
I
I
I
I
I
I
I
I
I
U
I

Table 4.-7

Distribution Free Comparisoni:Testsfor Pooled I

WNG-4Database
I a, c SUbsets

.Check of ii Statistic From Kruskai-Wallis Variance By Ranks Test

Test R41/ 1ý H 42 •a, b, c:
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Table 4.2-8

Determination of 95/95 DNBR Limit for Pooled Data

WNG-1 Database

Database *N Mean S,

t
K DNBRQ

- a,b,lc,]1

Table 4.2-9A

Parameter Ranges for theVWNGi1 Database

Parameter

Pressure (psia)

'LocalCoolant Quality

Local Ma ss, VelIcity (Mlb/,hr-ft2)

Matrix Heated Hydrauli •! •Diamieter•, Dhun(inches)

Heated Hydraulic Diameter Ratio,,[ ] c

Heated Length,'nL (inches)

Grid spacing (inches)

Grfid;SpacingTerm, GST [

Applicable Range:

1405 to 2495

< 043

0.79 to 3.72

0.46 to, 0.53:3

0.15 .to 1.00

48* to 168

6.4 to 26

>"26.,S""

* Set as mninimuni Hi•L value, applied :at alielevations.beiow 48 inches

** If Grid is in next n6de and GST < 26.5, set GSTto 26.5

Note: This does notapply ýio ] a, C
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Figure 4.2-1
Measured and Predicted Critical Heat Fluxes

WNG-1 Correlation

1.4

1.2 -

1 
0

0.8 "/ One-Sided 95/95u: • Tolerance Limit for

DNBR95 of 1.14

S0.6-

0.4-

0.2

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Predicted CHF, MBtu/hr-ft2

Page 59 of 82



WCAP- 16766NP

Page Intentionally Left Blaink

Page 60 of 82



WCAP-16766-NP

Figure 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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Figure 4.2-4

Plot of M/P- CHF-Ratio vs. Local :Quality
WNG.4 Correlation

1.6

1.5

IL 1.4

IC 1.3
x
U,

1 1 .2-

CA

0.8

a.0 <8 41*' * .. . . .

'•0.7- One-,Sided 95/95,

lis Tolerance Limit for
'"0.6- DNBR95 of 1.14

0.5

0.4

-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

Local Quality, XL

Page 65 of 82



WCAP- 16766-NP

Page Intentionally Left Blank

Page 66,of82.



WCAP-16766-NP

Figure 4.2-5

Plot of M/P CHF Ratio vs. Matrix: HeatedDiameter, Dhm

WNG-I 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
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Figure 4.2-8

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

WNG-1 Correlation

I
U:

x

a'

1.6

1.5 -

1.4-

1.3-

1.2-

1.1

1-

0ý9 -

0.8 -

0.7 -

0.6 -

0.5 -

0.4-

One-Sided 95/96
Tolerance Limit for
DNBR95 of 1.14

40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

Heated Length, Inches

Page 73 of 82



WCAP166-NP

Page Intentionally Left Blank

P age74-of 82



WCAP- 16766&NP

Figure 4.2-9

Plot of M/PCHF Ratiovs. Optimized Non-Uniform Shape-Factor, Fc
WNG-1 CorrelatiOn
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5.0. CorrelationApp1icati*-ns

Westirnghbouse, intends to useItheWG-1 D.NB cor6lation for evaluating DN m"nargini ofth 1- applicble

Westinghouse, fuel' designs in plant' licensing. applications, in accordance with the •CHF or DNB

acceptance criterion defined in the Standard ReviewPlan (SRP), Reference 9•. SRP Sections4§.2 and 4.4

state that the DNB' acceptance criterion provides assurance that. there be, a least a 95% probability at a,

9056% confidence ledvel that the .hot Ifue6l rod inthec~ofe does notexeine uN drin .g 11nor mal operatio

or anticipated operational occurrence. The acceptance criterion is met in T/H-design, when the minimum.
DBRkoflthe hot rod in the hot chainel is above the 95/95 DNBR limit.ofthe co rrelation. Derivation of

the WNG- 1 95/95 DNBR limit was presented in the previous ýsection.= The correlation willtbe used only,

wih a subchannel code that has, been either used :for the correation development or qualified wit its'.

95/95 DNBR limitin compliance with the USNRClrequirements, Reference 2. Technology transfer of the

WNG- I correlation will follow t.rough, a process Ahat mets the requirements specified in Generic&,Letter

(GL)' 83. 11 Supplement 1, "Qualification;:for Performing Safety Analyses."

The 95/9 5 DNBR limit of the WNG- 1 correlation with Westinghouse version, of the VIPRE-Ol (VIPRE),

code- is 1.14. The range ofiapplicabilit for the WG-1 correlation, based on its database, is• summarized

in Table. 5-1. The: NG-1 correlation, is applicableto fuel designs which are, within the geometryranges:

includled: in the coi rrel.ation database. The correlation'database includes the followig Westinghousefifel

designs:.

* 16x416NGF design.with 0.3604inch diameter fuel: rods
*. •17xl7.NGF designmwith 0.374 inch diameter fuel,rods
•* 17X1 7RFA/RFA-2 desjigsý with 0.374 inch diamete fuel rods
0 15xl5 Upgrade fuel design-with 0.422 inch diameterhfuel'rods

The ,correlation application with VIPRE will, be in, full compliance with. the conditions .of :the. Safety

Evalatiofn Report .(SER) oni the, VIPRE code. ,and modeling,' Reference 2. A

a , c. Additional qualification :and code m'odificationr wil be' needed if the WNG-i1

correlation is used with a subchannel code:otherthanVIPRE.

The WNG-, correlation implementation into reactor. designý applications: is similar to previous.
implementations ofother DNB correlations sucfias WR-2MI and ABB-N NG,-I has been:installed

into the, VIPRE code in accordance with the, procedures, delineated from the Westinghouse Quality

Mahagement SyStem (QMS) (Reference 26). 'The.WN3G-71 correlation does n'ot supersede. 'any exist1ng

correlations, Reference 3, 6 or 7, applied for thecurrent fuel designs.

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

setpointsý andnon-LOCA accident analyses. Implmentation orf t!heWNG--I correlation will not result in

any adverse: impact on Westinghouse USNRC-approved.methodology or licensing bases associated with

the .NGIF 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 evaluation method (Reference .22), the fuel reconstitution evaluation method (Reference 2S3),

three-dimensional (3D) rod :ejection analysis (Reference 24.)' and RAVE (Referenee 25). The plant
analysis will account for uncertainties in plant operating parameters, nucear ad',thermal parameters, and

fuel fabrication parameters in addition to uncertainty in the DNB:correlation.

TableW5-1
Applicable Ranige of WN 1 CHF CVo•trdation

Parameter ApplicableRange

Pressure.(psia)

LocalCoolantQuality

LMcal tMaselycity (Mlbnathr-f,)

Matrix Heated Hydraulic Diameter, Dhn (inchies)

o1405 ,to2495

•<-•0.43

Heated:Hydraulic Diameter Ratio, *l

H eated.Lengtli,;HL (inches),

Grid spacing (inches).

Grid Spacing.Term, GST

1a•,:.

09.791.to 3.72'

0.46oto 0.53

0.85to 1.00ý

48*i to' 168,

6.4 to 26.0:

I
I
I
I
I
I
I
I
I
I
I
I
I
i
I
I
I
I
I

I Ia.c

*.Set as minimum HL value, apjilied at all elevati6ns below 48 inches

f**If.Grid isin next node and.GST.5, 26i., set GST-to 26.!5
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6.0 Conclusions

the following conciusions7a nd restrictions applyq the eWNG•-! CHE correlation:

1. A alysis of the, WNGK correlation and the;'surce and alidation data idicatesý the•. onerrlaIins

accurately reflect Athe test results of theý NGF designs (17x17 NGF, 16x161 NGF) as well' as;

Westinghouse current designs in its database, Icluding 17ITIFA/RFA-2 and 15x'15. Ugrade.

2.. Analysis of the WNG-i,,corrilation,.arid vaidatidn data indicates that a minirum DNBR limit '0o

1.14,for the WNG-I correlation will. provide a 95%zprobability with 95% confidence, of not.

;9xperieneing CIHFon a rod..sho6wing theqinting:value.

3. Statistical tests support theievaluation. of the 95/95 DNBýRjimit of the WlG-i correlation.

4. TheWNG-1 correlation must be used ýin.co'njunction"with Westinghouse version of the V•RE-O ,
.code (VIPRE) since, the correlation was: :developed based on, VIPRE calculated local fluid.

tconditions..

5. Thev WNG-1 correlation mustalso be'used with the Westinghouse.optimized: F6 shape factor for'

:split .vane designs to correct fornon-unifdrm axial powern shapes.

The range of applicability for the WNG-1 correlations is provided in Table 5-1.
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AppendixA:- WN.G !VI.PREJDatabase

A detailed summary of .the VNG-1 Correlation Database is shown in Table A-i. and the Validation
Database is shown in Table A-2. :The tables, in this appendix summarize the raw data from Columbia data

files, the test geometry :"iformation needed for. the correlation developm•nt, the predicted local: oolant

conditions taken from the. VIPRE runs. The. tabulation presented ,here .gives the data from all' CHF"
exlperiments, with test sectioInsI described in.Table -. Repeat runs in the correlatioit database and runs-

with only cold. rods indicating DNB, identified in.bold italics, were. eliminated' in the final. correlation:
database along witlf poihn outside the correlationI parameter :limits. Nomenclature for heading
abbreviations in AppendixA are defined below:

TS = Test Section.Number
TD Test Section.Type (U is! Uniform Shapemwithout Guide: Thimble, UT is Uniform Shapeq

With Guide Thimble, NMI is Non-Unif6rm Shape .without Guide Thimble, and NT is
Non-Uniform Shape with Guide-Thimble)

Press = Test Section Ptessure (psia)
Tin = Test. Section: Inlet Temperature..(0 .F);
Gavg - Avqrag Test Section Mss Velocity(Nflbm/hr-ft2)
Qavg = TestSection Critical: Bindle Ay'erage Heat Flux (MBtu/hIr-t 2)

DROD Primary.DNB Rod Thermnocouple.Number
DCH = VIPRE Subchannel NumberWhere'Local Coolant Conditions are Selected
GL Local Mass Velocity in CHFP Channel (Mlbm/hr-ft)ý
XL3 Local Qual.ty in CHIF Channel (fractio0n)
CHFm = Measurodt.CHF (MBtu/hr-ft2)

Fc. = Non-uniform Shape:Factor= 1.00 forUniform Axial Power:Shape
Based onpOptimized F1 for Non-uniform Axial Power Shape

GS = Nominal Upstream Grid Spacing from [ ]" (in)
HEL - Heated Length to CHF Site.(in)
DG I)istance from [ ] c Grid to CHF Site (in)
De = Wetted Hydraulic.Diameter of CHFI Channel.(in)
Dh - Heated Hydraulic Diameter of CIE ChannelF(in)
Dhm = Heated Hydraulic Diameterof Matrix Channel.(in)
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Table A-1
WNG-1 Correl ationw Database

_ TS TDý Run Press; Tin %Galg-Qavg DROD DCH 'GL XL- 'CHFm :FC.
a, b;.c

GS HL DG De Dh Dhm
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Table A-i (Continued),
WNG-1 Correlation Database

TS TD Runr Press. Tin Gavg_ ___Qavig .... DROD DCHI GL XL CHFn FC. GS HL4 DGý 'De Dh Dhm
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Table A-l (Continued)
WNG-1 Correlation Database

Tin Gaygg _Qayg DROD DiCH GL XL - CHFm FC; GSTS TD Run Press. . . LL% DG c Oh Om a, b; c

PagieA-7 olfA-58
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Table A-i (Continued)
WNG•A Correlation. Database

TS TD Run Ptiess. Tin GaYg -Q~ayg DROD DCH GL XL CHFIU FC CS HL Da De Dh Dhm a, b;c

Page6A-8 of A-58
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Table A-1 (Continued)
WNG71 CorrelationrDatabase

'Tin Oavg Qavg DROD DCH GL X L :CH~nm FCý G S HL:---- DG
ab;c

,De Dh Dhm '

TS TD Run Press.

page A-9 of A-58
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TableA-i (Continued)
WNG71 Correlation.Database

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

,page A-10 of A-581

m m m m m = m m m m m m m m m m m -
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TableA-1 (Contfinied)
WNG,-1: CorrelationDatabase

a, b, c
g 'DROD DCHI GL XL CHFm FC' GS HL DG De Dh DhmTS TD Run Tress. 'Tin Gayilg ....qav -77 ----

fageA-1 of A-58,:
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Table A-i (Continu Oed)
WNG-1 Correlation .Database

TS TD Run. Press. Tin Gayg Qay.g_ DROD DCH AGL- XL 'CHFm. FC GS HL.4 DGa De Dh Dhm

Page A-12 of A-58
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Table A-i (Continued)
WNG-1 Correlation iDatabase

Gav-.._L-ROD_ DCH C L XL 'CHFin. FC CS
HlL. DC. De Ph D-iDhm abcTS TD Run. Press. Tin

Page A-.13 of A-58
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Table A-i (C oninued)
WNG,- Cotrrelation Database

TS TD Run. Press. Tin, Gavp; Oavg DROD DCH :GL XL CHFm FC GS
aH, b,•cHL Dc': be tIft Dhm.

Page A-14 of A-58,
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Table A-i (Continued)
WNG-,71 CorrelationdDatabase

Tin Gav2 Oave DROD DCH GL XL *CHFm FC, GSTSTD Run Press. HL DG De. Dif. Dhm ab, c
S. . . . . . . ... , .. . . . ... ý . .. .. . . .. . . . . . ... - '. . - -

Page.A-1.5 of A-58
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TablbA-1 (Continued)
WNG-I Correlationi Database

a, b; c€
TSTD Run Press. 'Tin, Gave Qavg DROD. DCH GE• XL 'CHFm .FC GS HL DG *De Dh Dhm:

Page A-16 of A-58
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=Table A-il (Cont~inu~ed).
WNG-1 Cbrreiation Database

Tin Gave Qava .DROD DCH" GL XL CHFm: FC
a,H b; cJGS HL DO: De Dh Dhm

TS.TD Run IPress.

Page ,A-17 6f A758:
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Table A-i (Cohtinuped)
WNG'-I CorrelationiDatabase

Tin Gavg; Qavg DROD DCH GL XL CHFm FC 'GSTS TD Run. Press. HL VG De Dii Dhm

P.geýA- 18 of A-58.
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Table'A-il (Cohtinued)
WNG-1 CorrelationwDatabase

Tin Gave .Oav, DROD DCH GL XL OHFrn. FC GSTS TD Run Press. HL DG De ]Dh. Dhm

Page.A-19 of.A-58,
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Table-A-i on(atinued)
WNG-1 Correlat'ioti'Dat~abase

TSITD Run Press. Tin Gavg; Qavg DROD DCH GL XL CHFm FC GS HL DGi De Dh. Dm a,:bc

Page A-20 of.A-58,
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Table A-I (Continued)
WNG-1 Correlafion Database

Gavg ..... Qayg DROD DCH GL: XL CHFm,TS'TD Run. *Press. Tin FC GS iHL DG De .Dh Dhm
a,•b; c:

Page A-21 of ,A-58



-WCAP-.16766-NP

TableWA-i (Continued)
WNG.I' CorrelationdDatabase

TS TD Run. -Pess. Tin .Gavg ___Qa~vg DROD DCH GL XL CHFm: FC GS HL DG
e D D a,.b;,cO~e ."Dh Dhm: " "

Page A-22 of A-58

-! -, -i - - - - - -H -a -l - - !
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Table A-i (Conhtintued)
WNG-1 Correlation Database

Gavg-Qav DROD' DCH GL, X ... CHFm FC 'GS iHL, DO Dk e Dlft.. Dhm b,
TS TO Run Press. Tin

Page A-23 of A-58
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Table A-1 (Continue
WNG71 CorrelationDat

Tin Gave ýQava DROD DCH GL XL
a, :b;-

TS.TD Run Press. CHFm. FC *GS HL DG: .De Dh Dhm

Page A-24 ofA-.58

m!Il - inI m - - --- n- -l
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TablehA-i (,Cotinued)
WNGA Correlation Database

Tin Gavy: Oave .DROD DCH ;GL XL CHFn: FCTSTD Run P ress. G HL DG' D Lft h a,,b, c

Page.A-25 o6f.A-58
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Table A-i (Continued)
WNG-i CorrelationDatabase

Tin Gavg Qavg DROD IDCH GL XL CHFmv. FCTSTD Run Press. "GS HL. DGý De Dh Dhm

Page A-26 of A--58
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TableNA-! (Continued)
WNG-1 CorrelationdDatabase

DCH *GL XL CHFrn Jas HL, DG De ADh DhmTS.TD - Run Press. Tin Gavg *Qavg DROD FC

Page A427 of A-58
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Table'A-i (Cohtinueod)
WNG-1 Correlationr Database

Tin Gave QavE DROD DCH GL XL CFm FCTS TD Run TPress. OGS HL DG De 'Dh Dhm:
a, b, c

7

Page .A-28 of A-I58
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Table A-1 (Continued)
WNG-1 Correlation Database

Tin :Gavg Qavg DROD DCH, GL. XL CHFm:TSTD" Run. Press. FC
aDb,hcGS HL DG De .6h Dhmfl

Pa.g'eA-29 of 'A758,
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Table:A-.i (Continued)
WNG-1 Correlation Database

Tin Gaveg Qavg DROD DCH GL XL CHFmTSfTD Run Press.
a,"b; c

FC, GS HL DGa De. Dh. :Dhm b
. . . . . .. . . .. . .. . . . . .. . . . .. . . . . .. . .., -

Page-A-30 of A-58

/- - -I - - - - - r n - r n - - - - -l Ll l I_ I - - -l
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TablePA-1 (Cohtinued)
WNG-1 Cbrrelation Database

Thl Gave: Oava DROD DCH GL XL CHFr. FC GSTS TD Run *Press.
aHGb,,D:cHIL.: DG.: De Dh Dhm

T46eA-31 of A-758.
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Table :A-i (Continued)
WNG-1 Correlationi Database

Tin Gayve Qavg DROD DCH GL XL CHFm FO GS
a, b,.c

.TS TD Run Press. .HL DG. De I.Dh Dhm:
-- -------------------- --------- ------------ ------------------

Page 1A-32 of_ 1A1581
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Table A-i (Cohtinued)
WNG-I. Correlation Database

DCH GL XL CHFm.
a,.b; c

TSTD Run.. Press. Tin Gavg Qavg DROD FC cS HL DG De Dh Dhm

IPag6 A-33 of A-58
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Table:A-:1 (Continued).
WNG71, CorrelationDatabase

Tin Gave Qav2 DROD DCH GL XL 'CHFmTS TD Run. Press.
aFL D DD

IFC GS H4L DG DQe Dih Dhm '
- - -- - -- - --------------- - - - - - -- -- -- -- --------- -- - ------- -----------

Page A-34 of A-58
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TTable A-I (Continued)
WNG-1. Correlation.Database

DCH GL, XL CHFm
a, b;: c

TS TD Run Press. Tin Gavw Qavp, DROD FC GS HL DG De Dh Dhm

,Page A-35 of A-581
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Table A-i (Continued)
WNG-i CorrelationDatabase

Tin Gavg Qavg DROD DCH GL XL CHFmTSTD Run Press. FC GS HL DG . . e Dh Dhm:

Page A-36 of A-58
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Table A-i (Coontinueod)
WNG-I Correlation Database

DCH. GL XL CHFm,
a, b; c

TS&TD Run Press. Tin Gayg Qavg DROD FC GS HL DG, De Dh Dhm!

Page A-376f A-581
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Table A-i (Cohtinued)
WNG-1 Correlation Database

Tin Gavg Qavg DROD DCH GL XL CHFmI FC
aS bH, cGS HL. DG Eke D3h Dhm,TSTD Run. Press.

iPage A6-38 of A-58:
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Table A-i (Cohtinue!6
WNG-I Correlation<Dat

Tin Gavg Qavg DROD DCH GL XL
aý 6, c

TS TD Run Press. CHFm FC GS HL. DGQ De Dhl Dhlm.

TPageA-39 of A-58
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Table.A-i (ContinueWd)
WNG-1 CorrelationtDatabase

Tin Gave Oave DROD DCH *GL XL tCHFm: FC
a,=b,,c

TS TD Run Press. GS HL DGc De Dh Dhm-- -- - -- - -- - -- -- - --- -- - -

Page A-40 of.A-58:

- - m m - --- - - - lH -



mmm m m mC--6 m m m -

Table A-i (Confinued)
WNG-1 Correlation Database

Tin Gavg :Qavg DROD DýCH GL XL CHFni. FCTSTD Run Press. GS HL DG De Dh Dhm
a, b; c

I

Page.A-41 of A-58
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T +ableA-I (Continued),
WNG-1 Correlation Database

Tin Gavg Qavg DROD DCH GL XL CHFm!TS.:TD Run Press. FC. CGS HL DGC De iDh Dhmc
- ----------------

PageA-42 of A-581
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Table b A-i (Continued)
WNG-1 Correlation Database

Tin Gavg: Qavg DROq, DCHj CGL XL CHFm: FCTS TD Run 'Press. GS HL DG De 6'h Dhnm:
a, b, c

PageA-43 of.A-58
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TabWe:A-1 (Continuetd)
WNG-1 Correlation'Dafabase

a, b, c•
TS'3TD Run TPress. Tin Gavg- ýQavg :DROD' DCH GL XL CHFm.: FC 'GS HL Da De 'Dfi. Dhm,

.Page A-44 of A-58
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TableA-1 (Continued),
WNG-1 Correlation Database

Tin Gavg Qavg DROD RCH GL XL CHFmin FC GS HL. DG De bDh Dhm: a,b, cTS TD Run Press.

Nge A-45 of A758
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Table A-2
WNG-1 Validation.Database

Tin Gave F Qav2 DROD DCH GL Xt CHFm. FC GS HL D& ;De Dhfi Dhm aTSJTD Run Press.

•P 1age A-46 oif .A-58,
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TablepA-2 (Continued)
WNG-1 Validation.Dat'a base

Tin Gayg Qavg DROD DCH *GL XL CHFni FCTSTD Run -Press. GS HLI DGC De Dh Dhm a

:PageA-.47 of A-58



WcA:P-16766-NP

TableA-2 (Cohtinued)
WNG-I Validation Database

a, ib;,c:
TS&TD Run Press. Tin Gayv Qav2 DROD D CH GL XL CHFm FC GS HL.I DGCi IDe D~h Dhm- -- - -- - --------------- ----- - -------------- -- -------

P~ageA-48 of A-58
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WNG- V.alidation Database

TS TD Rune Press. Tin ag Qavg DRgD DCI-H GL! XL CHFm;. FC
a.S L;D c.G9 14L DG.:, ý.be "Df! bhm,

Page' A-49 of A-58.
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Table A-2 (Cd tin uDed)
WNG-1 Validation Dat'abase

GS HL DGC De oDh Dhm ,-b, cTSTD Run Press. Tin Gayg Qavg DROD DCH .GL, XL CHFm. FC

Page Aý50 (if A-'58:

m m m- m - m m m m --mrnm-mn
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TableA-2 (Cohtinued)
WNG-1 Validation Database

T1n Gayg: Qavg DROD,-DCH GL XL _CHFr
4,c

TS TD Run 'Press. FC GS HL. DG. D-e Dh Dhm:-- - -------------

PageA-15.1 6f A-1581
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WNG-1 Validafion Database

TS )TD Run. Press. Tin- Gavg Qavg DROD DCH. ;t XL CHFm FC GS HL DG, 'De TDh Dhm:

Page A-52 of A-58

m m m -n - a - m-m - am am a am
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Table-,A-2, (onitinued)

WNG-1 Validation Database

'n G ..... Gvg- Qavg DROD .C... GL XL CHI HL• DG De _DI Dhm ..T.STD Run Press. Fm FC GS
- - -- -- - -- - -

Pyage ,A-53 of A-58
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Table A-2 (Cohninued)
WNG-11 ValidationDatabase

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

Page A-54 of A58:
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WtCAP- i6766-NP

Table A--2 (CohitiIue&d).
WNG-1 ValidationDatabase

-Tin Gavg .Qavg DROD DCH. CGL: XL. CHF.' FC. GS
a, b, c

TS TD Run Press. HL- DG; RDe .Dh Dh.mr

PageA-55 qf.,A-.58
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Table A-2 (Cohtinued)
WNG,- Validation Database

a, b; C
TS'TD Run -Press. Tin GaVE. Qav2 DROD DCH GLý ýXL 'CHFin. FC G9 HL DG De Dh Dhmc

- ------------- ---------------

Pa ge .A-56 of.A-58,
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TableA-2 (Contfinued)
WNG- I Validation Daitabase

Tin Gavn, Qav2 DROD DCH GL XL 'CHFm FC GS HL DG: De Dh ýDhm:TS T1D Run Pfess.
-- -- -- -- - -- - - -- - -- - -- -- -- - - --- -- - -------- ----------

Pfage A.-,5,7of A758;
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TableA-2 (Con'id tinduebad)
WING-i Valid ation Database

HL Da De Dh DhmTS TD Run .Press. Tin Gavg. Qavg DROD DCH GL XL CHFmn FC GS
-- -- - -- - ---------------- - -- - --------- ------ M- ------- - ------------ - ------ --- ---- ------

ýPa;ge A-58 01' A-.58

M ý m M a M M, M a a a a - a M a - o a -
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AppendixB
WNG-1. VIPRE.Statistical Output

Page B-i of,-B-48,
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page Intentionally Left Blank:
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Appendix B: WNG-1 VIPRE-Statistical Output

,A detiled gsummary ofthe statistica.loutput:oftheqVNG1: correlation database'is .give in Table:B-i. A detailed

,summary of the statisticaloutput of the, NG- 1 validation database is given in Table:B-2.B Foreach tesfrun in
Tables B-i and,1-2, the values.focr the• orrelation variables, the mea§ured QCHFPand -WNG- pre dcted CHW are
given, along with thewvaluerfor the M/P CHF ratio. The repeat test,.runs and any test runs with variables& outside
thed correlafion p-aameter rtnge are removed fromi'Tablesi B-1. and B-2. The individuaL.test sýctio•A and, overali

database statistics are given: at the end :of the output :in Tables B-I and B-2 IThe' individual' test and .final
combined database statistics a given i lTable B-3 :for the da'base used to deteri• the /95 DNR.ý imit.

The database, consisted of' the ,correlation database: and validation tests: for current grids that increased the
correlation parafteitOr range. The statistics for'the subsets based on test, rod andstrap geomnetrie&saare"also' given inm
Table B-3. Nomenclature forheading abbreviations inAppendix B is defmed below:,

*TS = Test Section Number
TD = Test S'ction Type,(UM is UniformýIhape without Guide Thimble, UT is Uniform hape .with

GuidebThimble,;: NM. ISNon-Uniiform Shape Without Guide Thimble, NT is Non-Uniiform Shape.
with: Guide Thimble)

Press - Test:Se6ction Pýessure (psia).
GL= Local Mass Velocity in CHF Channel ý(Mlbm/hr-ft2)

,XL- Local Quality in CHF Channel (fraction)
F, - Non-uniform Shape Factor = 1.00 forUniiform Akial Power Shappe Based oni optimizedF 0 for

Non-uniform Axial Power Shape
GS . Upstream Nominal Grid Spacing,[ fa, .

HL. = Heated Length to CHI Site (in)..
DG :- Distance frm. I i•c • ..

DG = Distnce frm;`~CGrid to CHIP Site (in)
Dh -Heated:Hydraulic.Diameter.of.ClHFChannel,'(in)
Dhm = Heated Hydraulic Diameter of Matrix Channel (in)'
GST = Grid SpacingTer.[ ] a;c

CHFMM = Measured CHF (MB 2/br-ft)

CHFP N VG-1. Predicted CIAIdivided by F'(MBt 2r-ft
2 )

Page.B-3 of B-48-
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TableB-I
Statistical Output of WNG1i Correlation Database

GL X, FC GS HL DG Dh Dhm
M/P ab; c

TS TD * Run Press. GST CHfln CHFD. M/P-I1
GST CHFm CHFp M/P41------------------ ------------------ w

Page B-S of B-4~
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TableB-.1 (Continued).
tistical Output of WNG4..Correlation Database

FC GS HL DG Dh DfimTS TD. Run Press. GL XL GST CHFm CHDp M/P-1 MIP a,Wbc

Page B&6 of B-48•

- - ---- -- - -- -w-all
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Table B-I (Continued)
Statistical Output of WNG_•1,CorreiaiionvDatabase

6L XL iC G HS R I L :DG Dh Dhm M/P a,b,:cTSTD. Run .Press. GST CH Fin CHFp M/P-1,---------- -------- ---- m

Pa ge B-7 o.B-48,
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Table B-I (Cofntinued)
Statistical Output of WNG_1. CorrelationDatabase

TS TD Run Press. GL X- FC CS .HL Dd Dh Dhm, GST CHFIn CHFP - MPi M/P a, b;. c

PageB-8 of B-48
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Table B-I (Conftinued)
Statistical Output of WNG-1 Correlation Database

CL xL FC GS I HL DC Dh DhmTSTD Run Press. GST CHFm ,CHFa M/P-1 M/P a-b- c

PageýB-9 of B-48
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Table B-i (Continued)
Statistical Output of WNG-l Correlationt Database

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

PTge B-10 of B-48:
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Table B-i (Continued)
Statistical Output of:WNGI Correlaiion Database

GL xL FC GS HL DG Dh DhmTSTD Run Press. GST CHFm CHFp M/P-1 M/? a'b c

PAge B-1l of B-48
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TablbeB-i (Continued)
Statistical Output of WNG-1,Correlation Database

GL XL FC GS HL DG Dh DhmTS TD Run Press. GST CHFm CHFp M/P1 M/P A,,b; c

Page B-12 of B-48:
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Table B-i. (Cofntinued)
Statistical Output of WNG-'I CorrelationiDatabase

GL XL FC GS HL DG Dh DhhmTS TD Run Press. GST CHFm CHFp . M/P-I M/P a, b, c
---------------------------------- . . ------------------- -7 -----------

age B-.13 of -B48,
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Table B-i (Co~htinU'ed).
Statistical Output of WNG"-ICorrelaiioitDatabase

CL XL C GS. HL f Di DIh Dhm-TSTD Run ýPress. GST CHFrn CHFa M/P-1
M/P ab; c

Page B-14 of.B-48
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Table B-i: (Continued)
Statistical Output of WNGI- Correlation Database

GL XL FC GS HFL DIG Dh Dhm,TS'T6 :Run Press. GST CHFm ,CHFp M/P-I MIP a, b;.Ic
7M/

fPage B-15 ofjB48,
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Tabl'e B-i (Continued)
atistical Output of WNd- CorrelationIDatabase

FC GS HL. DG Dh - DhmTS"TD Run Press. GL X.L GS..T .CHF .m CH14p M/P-I1 ýMIP abc

Page B-16 of . -48,
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Table BR-i (C-ontinued)
Statistical Output of WNG-:1 Correlation Database

GL XL FC GS HiL DG Dh DhmTSTD Run Press. GST CHFm CHFp M/P-1. -M/ ai b; c------------------ ------ -------

I
Page B-17o fB-48
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Tablý B-1 (Con.1tinued),
Statistical Output of WNG• CorrelationDatabase

GL XL FiC GS .HL ýDG Dh DhmTS TD Run Press. GST CHFm ýCHFp M/P-1l
.M/ ab; c

Page B-IS oflB-48:
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Table:B-i (Cohn'tinu6od)
Statistical Output of W.:Nll-Correlation Database

GL X, EC GS HL DG Dh DIm
M _ a,b, c

TS TD: Run Press. GST CHFm CHFp' M/P-I------------------ -------

.Page B-19 f. B-48,
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Table B-i1 (Continued)
Statistical Output ofWNG-.1 Correlation Database

6L XL FC CS HL f DG Dhl DlmTSTD Run Press. GST CHFmn CHFp M/P-1 M/P a,b,c

TPage B-20 ofB-48.
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TableB-1 (Continued)
Statistical Output of WNGI Correlation Database

G L FCý GS. 'fi bd DjhT• Tfl Runn .Prpq~ GST CHim CHFp MI PI 1--, ajIb;,c
TSýTb Run ý ess-----------

Page B.-211 of B48
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Table:B-i (Continued)
Siatistical Output of WN••1 Correlation Database

GL XL FC GS L{L ýDG Dh 'DlhmTSTDb Run Press. GS CH.• .in CHFF MP- M/? ab;c

P4ge B-22 of l-48
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Table B-i (Co ntinued)
Statistical Output of WNl-, CorredationtrDatabase

GL XL FC GS HL ýDG Dh DhmTSTD, Run Press. GST CH~mn CHFp M/P-i
/P a, b;.c

)

,page B-23 of B-48
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Table B-i (Cohtihued)
Statisiical Output of WNG-l Correlation iDatabase

GL XL IFc GS. HL DG Dh iDhmTS TD Run Press. GST C-Hlhi CHF, MA/ -I
M_ _ a, b;c

TS TD Run ess. ----------------- ------------------- m

Page B-24 Of B-48
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Table B-i (Continued)
Statistical Output of WNG.-1 Corre.ationmDatabase

CL i XL t 6C S L C Di lTS"TbD Run .Pye~s GST CHRU CHF31i mlý41 MTP a~~

P'ag 11-25 Ofj BAS8
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TableB-l (Continued)
Statistical Outpui of WNG•l CrreiationvDatabase

TS TD. Run Tress. ijL .XL F 1C GS H-IL :DG , D .h 'Ohm GST CHFxn CH Fv M/P-1I M&P a b;c

P.4ge B-26 of.BA48ý
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1TableB-i (Conthiued)

Statistical Output of WNGl-.Correlaiion Database

GL id, tFC 44 L Dd 6hi D .DhmTSTD Run Press. GST • __H_ ,CHFy MIP.1
•Mu a,'b, c

------------------

P. age B-27 6f.B-.48
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•Tab•lB-i (Continued)
Statisfical Output ofWNG-1l CorrelationDatabase

GL XL FC GS *HL IDG Dh DlihmTSTD Run Press. GST CHFm CHFP M/P-1 MIP abc

.P!age B-28 of W-48
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Table B-i (Continued),
Statistical Output of WNG-1 Correlation Database

TS TD Run Press. GL X(L F~c iGS HL yDG Dh lihni GST C'H~m CH ' M/P, 1 MIP a•,b,:c
ess.---- ------------

aOge B-29 of,48,
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Table:B-i (Continued)
Statistical Output of WNG4 Correlation Database

GbL xL iFC GS HL DG$ Dh lDhmTSTD Run Press. GST CHFm CHFp M/P-I MIP aNb;c.

Page B-39 6ofB-48
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Table BofN-1i (Conhtinued)
Statistical Output of WNG-1 Correlation Database

TS TD Run :Press. GL XL Fc GS 'HL Db Dh Dhm GST CHn .CHFpO M/P-i M/P
TS TD Run : ess ----------------- ---- --------

a, b; c

Page B-31 ofW-48:
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Table B-i (Conhtinued)
Siatisticial Output of WNG-l CorrelafiontDatabase

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

Page B- 32 6f.,.]-,48,

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

GL XL FC GS HL DG Dh DhmTSTD Run Press. GST CHFm CHFi M/P-1 'Mip--------------------------- --------- ---- - -------
a, b, c

Pfage B-33 Of -48ý
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Table. B-i (Continued)
Statistical Output of.WNG'-1Correlation Database

GL tXL FC. GS HL DG Dh DhmTS TD Run Press. GST CH~hi CHnFp-M/-1
M/? a,b c

------------------ ----------------- - ------------

Page B]-34 of W48,
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Table B-1 (Conftinued)
Statistical Output of-WN6-i CorrelationDatabase

GL XL FC GS HL DG DhI DhmTS"TD Run Press. GST CHFm CHF----- M-MP- /P ab, c

P:age B-35 Uf-048
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TableB-i (Conttinued)
Statistical Output of WNG-• Correlation Database

Correlation 'Data.

jPage B-36 of B-48

.a, b, c
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Table B-2
Statistical Output of WNG-1 Validation Database

GL XL FC GiS HL ýDG Dh 1DjhmTSTD Run Press. GST CHFxn CHFp MIP-1i :M/P a,.bc €
- - - ------------- - - - - - - - - --------- - -

Page B-37 odfB,48,
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Table B-2 (Continued)
StatisticalFOutput of WNG-1 Validation Database

GL XL FC GSI HL DC Dh lDhm-TS TD Run Press. GST CHIItm CHFP M/P-I. vI/P aý'b;x

Page B-38 ofB-48
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Table B-2 (Continued)
Statistical Output of WNG-1 Validation Database

GL XL FiC dS H4L DG Dh DhmTS TD Run iPress. GST. CHiFm CHFp M/P-1 M/P a, b;c
T&M Run ; ess - - - - - - - - - - - - - -- - --- - - - -- -

.Page B-39 of B48
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aTiab O eutu B-2t (Contindt Ied)
'Statistical O~utput of WNG- Validation Database

TSTD. Run Press. GL XL FC GS .HL *DG Dh Dhm GST CHFm CHFp M/P-,
MIP aýb, c

.Page B-40 of B-48
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WCAP- 16766-NP

Table.B-2 (Continued),
Statistical Output of WNG-1 Validation Database

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

Pfage B-41 o6.f 48,
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TableB-2 (Continued)
Statistical Output of WNG-1 Validation Database

GL XL FC GS HL bD Dh DhmTSTD Run Press. GS.T CHFm CHFp M/P-1, _M_ a b;.c

-Page B-42 of. B-48
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Table B-2 (Cohtinued)
Statistical Output of WNG14 Validation Database

GL XL WC GS HL G DO D1'm MAP ab;cFs TI) Run Press. G-ST C~IFrnI CIIFP Mip-1
- -- - - - - - - - - - - - - - - - - ------------- - - - - - - - - -

'Page B-43 of B.-48
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Table B-2 (Cobtinued).
Statistical.O~utput of -WNG'-1 ,Validation Data'base

GL JKL FC CS HL DiC 6h DiTS TD Run Press. GST CHFin CH.F..U M/P-1 M/P a,b, c

Plage B-44 of B48s
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:Table ,B-2:C~ohtiiinuedi
'Statistical Output of W,,NG1I Validation Database

GL XL FC G'S HL DG Dh DhmTS TD -Run Press. GST CHFm CHEp M,?-1-----------------
IM/P a':b c:

.Page B-45 of BA,-8,
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Tabe -2(Continued)
Statistical Output of"WNG-1 Validation. Database

'Validataion Data

PaeB-4-6 o.f,&-48.

a, b,. c
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Table.JB73
Statistical Output of WNG- Combined Daiabase for DNBR95-Limit

Combined. Data, ,.a, b,c

Pag6 B-47 of B148
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Appenst . oix diC
WNG-1 CHF Test Geometries
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Appendix C: WWNG-I;'CHFTeSt Geometries

The test: seion... radial and axial geometries for the tests, used in th development and:va'idation of the

WNG- I correlationb are, shown in Figures C- I- through, C-37. The axial relative, power, input into, the

VIPNE code for ihe no n-uhifonn. tests in the correlation database is shown in Table C. .LThe axial

relativepower-input into the VIPRE- code for the non-urniform tests in the validation, database is: shown in-

Page C-3 of C-51
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VIPRE AxiallPower Distribution.Input-for Correlation Tests:
a, b, c

Page C75 of C-51
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VIPRE Axial Power Distribution In putslfor Correlation Tests.
:a, b, c

Page GC6 of C751
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RADIAL GEOMETRY- CHF TEST SECTION 82

a, .b c

Page V-7 ofC -51
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Figure C-2
AXIAL GEOMETRY - CHF TEST SECTIONS 82, 83 -and.94,

,bc:

PageC-8 of C-51
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RADIAL GEOMETRY - CHF TEST SECTION 94

a, b, c

Page C-'9 of C-51
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Figure'C-4

RADIAL GEOMETRY -ClCHF TEST SECTION85-1

First 82 CHF Points

Page C-1o of c-51
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RADIAL GEOMETRY¥-.CHF TEST SECTION 85-2
Last 24 1:CH Pointsl

Pageic.lI of C-Si
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Figq.re C-6

AXIAL GEOMETRY -. CHF TEST SECTION 85

Page C-'.12 of C-51
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RADIAL GEOMETRY - .:CHF TEST, SECTION 87:

a, b, c.

Page C-.13 of C-51
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AXIAL GEOMETRY-.CHF TEST SECTION 87

ab C;

Page C414 ofC-51
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Figoure ,C-9ý

RADIAL GEOMETRY:- CHF TEST SECTION891:

a,b,b c

VPageC4-15 of C-51.
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eviguregC"o,
AXIAL GEOMETRY,- CHF TEST SECTION 89

'a, b. c,

Page C•16 of C-51
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FigurelC-il1

RADIALA.GEOMETRY :-CUF TEST SECTION 104-

,a,b, c

Page.C174 of C-51
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Fi gure ;C-12
AXIAL GEOMETRY - CHF TEST SECTIONS 104 and 105

a, b, c

I
I
I
I
I
I
I
I
I
I

Page C-18 of.C-51.
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RADIAL GEOMETRY¥- CHFTEST SECTION 105

a, b; c•

Page C-19 of C-51
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Figure C- '4

RADIAL GEOMETRY..- CHFTEST SECTION 90

a,,b, c

Page;C-20 of C-51
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Figure C-15

AXIAL GEOMETRY. .CHF TEST SECTION 90

Page c:-21 of C-51
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Figure*C-16:

RADIAL GEOMETRY - CHF TEST SECTION 96

:a, b, c:

Page.C-22 ofUC-51.
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:Figure !C-17

AXIAL GEOMETRY - -CHF TEST'SECTIONS 96,97 and 103

a,.b, c

Page C-'23 of C51
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FigUreC-1..8.

RADIAL GEOMETRY- CHF TEST SECTIONW97

47 b, c

Page C-24 of C-51.
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Figulre" Cý-
RADIAL GEOMETRY - CHF TESTSECTION;98

a, N, c:

PageC-25 o~f C-51
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Figure:eC7-20:
AXIAL:GEOMETRY I-CHF TEST SECTIONS&98 and 99

PageC-26 ofC-51.
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Figure c-21i
RADIAL GEOMETRY.- CHF TEST SECTION 99

a, b, c

Page C-'270ofC-51
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Figure C-22

RADIAL GEOMETRY:- CHF TEST SECTION'.95

a, b, c

Page C-28 6f C-51.
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Figujre C-23

AXIAL GEOMETRY - CHF TEST SECTION 95

Page C.29 of C-51,
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ýFi gurep ýC-'2'4

RADIAL GEOMETRY -I CHFTEST SECTION 107

, b, c

Page CG30 of C-51
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Figure C-25

ALXIAL GEOMETRY - CHF TEST SECTION 107

Page.C-31 of C-51
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RADIAL GEOMETRY¥- CHFTEST SECTION 108

a, b, c

PageC-32 of C-51
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Figure C-27

AXIAL GEOMETRY,- CHF TEST SECTIONS108 and 109

:a, b, c.c

Page, C-33: of C-51
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.Figure iC-28
RADIAL.GEOMETRY -CHFTEST SECTION 109,

a, b, c

Page C-34 of C51
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.Figu.re ,'t-.29

RADIA'L GEOMETRY -.7 CUE TEST SECTION 110.

ýa',.,c

Page C-35 of C-51
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Figure. C-30'
AXIAL GEOMETRY ,CHF TEST SECTION 110

a,b, c.

Page.C-36 of C-51.
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FigureC-3i

RADIAL GEOMETRY - CHF TEST SECTION 112

a, b, c

Page C-37-ofC-51.
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Figure.C-32
AXIAL GEOMETRY 7- CHF TEST SECTIONS 112.and 113

a, b, ci

Page C-38 of C-51
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Figure -C-33
RADIAL GEOMETRY¥-CHF TEST SECTION 113

.a, b, c

Page C-39, of C-51
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Figure C-34

RADIAL GEOMETRY- CHF TEST SECTION 83"

•a, b, c

Page C-'40 of C-51.
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RI FigureY CE-35S
RAIAL GEOMETRY - CT-F TEST SEC.TION: 100

PageC:41.of:C-5i
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Figure C-36

AXIAL GEOMETRY- ýCHF TEST SECTION 100

ai,.b, c•

Page C742 of C-5i
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Figure C-37
RADIAL GEOMETRY - CHFTEST SECTION 102:

a,.b, c

PageC43 of C-51
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Figure C-38

AXIAL GEOMETRY -CHF TEST SECTION 102

a, b, c

Page C-44 of C-51
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FilegureC-3,9

RADIAL GEOMETRY - CHF TEST SECTION 103

:a, b, c

Page lC45of, C-51
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Figure C S-40
RAIAL GEOMETRY- CHF T.EST :SECTION EPRI• 132

a, b,. c:

Page C-46 of C-S1,
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AXIAL GEOMETRY - CHF TEST SECTIONEPRI4132

PageC-47,6of C-5
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Figure.pC-42

RADIAL GEOMETRY.- CHF TESTSECTION EPRI 158
:a, b,;•c

PageC4-A ofMC-51
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Figure ,C-43

AXIAL GEOMETRY - CHF TEST SECTIONS- EPRIT158"

Page C-49 of C-51.
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Figure .C-44

RADIAL GEOMETRY - CHF TEST SECTIONEPRI 160
a, b,",c

Page.C-50 of C-51,
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Figure Cl-45

AXIAL GEOMETRYV-.CHF TEST SECTION EPRIA160

•a, b c•

PageC-Sl of C-51


