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IMPORTANT NOTICE REGARDING CONTENTS AND USE OF THIS
QOCUMENT

PLEASE READ CAREFULLY

This lechnical report was derved tNrough research and develcpment programs
sponsored by Siemens Powar Corporation. s being submitted by Siemens
Power Corporation 10 the U.S. Nuciear Reguiatory Commission as pant of a
tecnmical contribution to faciitate safety analysas by licensees of ha U 5. Nuciear
Reguiatory Commussion which utilize Siemens Power Carporatron-fabncated reioag
fuel or other technical services providad by Siemens Power Corgorauon lor ignt
witer pOwer reactors and it 18 rus and corect (0 the Sast of Siemens Power
Corporation's knowiedge, informanon, and beliel. The nformavon contaned
herain may be used by the U.S. Nuciear Reguiatory Cammussion in its review of
this report, and under the terms of the respective agreemants, by icansees or
applicants before the U 5. Nuciear Regulatory Commission which are customaers
of Siemens Fower Corporation in their demanstration of compliance with the U $
Nuciew Reguiatory Commission s regulations.

Siemens Power Corporation's werranties and representations concerning the
subject mafter of this documaent are those sel forth in (he agreement between
Siemens Power Corporation and the customer 10 which this document is issued
Accordingly, axcept as otherwise expressed provided in such agreement. nethar
Slemena Power Corporation nor any person acting on its behalf

A Makes any warranty or rapresentation express
of implied, with respect 10 the accuracy
completeness, or ysefuiness of the nformaton
comauned in s documaent, Or that the use of
any infarmaton, apparatus, method or process
disciosed n this document wil not infringe
privatety owned ngns, of

8. Assumes any labilities with respect 1o the use
ot, or for damages resuling from the use of any
information, apparatus, method or process
disciosed n this document.
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(1) The HTP CHF correlation is applicable to fuels whose design
characteristics fall within the correlation database in Table 2.

(2) The application of the HTP correlation for ONB analysis is restricted to
the operating conditions given in Table 1.

Table 1: Range of Coolant Conditions Spanned by the HTP Correlation

Pressure (psia) 1775 to 2425
Local Mass Flux (M1b/hr/ft®) 0.936 to 3.573
Inlet Enthalpy (Btu/1b) 382.3 to 649.9
Local Quality -0.125 to 0.358

Table 2: Normal Range of Fuel Design Parameters in HTP Correlation Data Base

.

Fuel Rod Diameter (in.) 0.360 to 0.440
Fuel Rod Pitch (in.) 0.496 to 0.580
Axial Spacer Span (in.) 10.5 to 26.2
Hydraulic Diameter (in.) 0.457]1 to 0.5334
Heated Length (ft.) 8.0 to 14.0

4.0 REFERENCES

1. SPC Letter LB/RAC:115:92 from R. A. Copeland to USNRC submitting SPC
Report EMF-92-153(P), “HTP: Departure From Nucleate Boiling Correlation
for High Ther=al Performance Fuel," September 28, 1992.

2. ANF-1224(P)(A), and Suppiement 1, “Departure From Nucleate Boiling
Correlation for High Thermal Performance Fuel," April 1990.

3. SPC Letter from R. A. Copeland to R. C. Jones (USNRC), “Response to NRC
Questions on EMF-92-153(P)," RAC:93:131, August 20, 1993.
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test sections representing the typical ‘Westinghouse HTP designs used for ANFP
development and the other 10 test sections including sections representing
other vendors’ HTP designs in heated lengths, power shapes, presence of
spacers and, in some cases, containing intermediate flow mixers (IFMs).

A complete summary of the measured data and the predicted values of relevant
variables to the development of the correlation are provided in the topical
report.

Dependence of tne HTP correlation on fuel design parameters is also described
in the topical report. Comparison of correlation predictions to experimental
measurements are provided as qualification of its adequacy. The
determination of the 95/95 safety limit for HTP is discussed in the subject
topical report (Ref. 1).

3.0 EVALUATION
3.1 HIP i

The HTP Correlation data base consists of 1479 data points from 16 tests
performed in a high pressure test Toop at the Columbia University Heat
Transfer Research Facility. Six of these test sections were those used in
the development of the ANFP correlation.

These test section characteristics were varied to represent fuel array design
for 14x14 through 17x17 rod arrays using both uniform and non-uniform axial
power shapes. The radial power distribution was non-uniform for all ‘est
assembiies. Rod positions were maintained by HTP spacers. Tis tests were
conducted with assemblies with and without intermediate flow mixers ([FMs).
The heated lengths of test assemblies varied from 7.9 to 14 feet.

Tables 1 and 2 summarize the flow conditions used for the HTP correlation
data base and the range of fuel parameters in the data base, respectively.
The pressure range covered the higher end of the spectrum when compared to
that in the ANFP data base. Similarly the inlet enthalpy remained higher
than that in the ANFP data base. Therefore, the range of applicability of
the HTP correlation is different from that of the ANFP correlation.

The maximum cosine axial power peaking factor considered in the tests is
1.474, This value is slightly higher than the Ci-1 correlation, however, it
is lower than the WRB-1 or BWC correlation.

Thermocouples are employed to detect the occurrence of ONB in the tests.

A complete summary of the measured data is prov.ded in the topical report.

3.2 HIP ONB Correlation Development

The correlation is an empirically derived function of the local coolant
thermodynamic state and mass flux at which DNB is observed to occur in the
experiment. The base correlation is developed based upon local coolant
conditions at the point of DNB predicted from test data for the uniform axial
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5.0

oo

(a) The HTP CHF correlation is applicable *tu fuels whose design
characteristics fall within the correlation data base in Table 2,

b) The application cof the HTP correlation for DONB analysis is
restricted to the operating conditions given in Table 1.

(¢c) The HTP correlation Timit was determined to be as stated in the
topical report (Ref. 1).
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This technical report was derfved through research and development programs
sponsored by Siemens Power Corporation. 1t is being submitted by Siemens
Power Corporation to the U.S. Nuciear Regulatory Commission as part of a
technical contribution to facilitate safety analyses by licensees of the U S Nuclear
Regulatory Commission which utilize Siemens Power Corporation-fapncated reload
fuel or other technical senices provided by Siemens Power Corporauon for light
waler pOwer eactors and 1 18 true and correct to the best of Siemens Power
Comporation's knowiledge, information, and belie!. The informaton contained
heran may be used Uy the U.S Nucies Regulatory Commission in its review of
s report, and under the tarms of the respective agreements, by licensees or
appicants before the U.S. Nuciesr Reguiatory Commission which are customers
of Siemens Power Corporation ity thewr demonstration of compliance with the U §
Nuciesr Reguiatory Commission's regulations.

Siemens Power Corporstion's waranties and reprasentations concerming the
subject mutter of this document are those set forth in the agreement between
Siemens Power Corporation and the customer 1o which this documant s iesued
Accordingly, sxcept as otherwize axpressed provicded in such agreement. neither
Slemens Power Corporation nor any person acting on its behait
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INTRODUCTION AND SUMMARY

This document describes Siemens Power Corporation's Departure from Nucleate Boiling

(DNB) correlation, HTP. This new DNB correlation is an extension of the previously approved
™ - 8)

NFP DNB correlation®, which was developed from test sections twelve feet in heated length

and representative of HTP designs for Westinghouse plants. The HTP correlation reflects the

results of additional DNB testing of High Thermal Performance (HTP) fuel designs for PWRs. The
extended M (P data base includes test sections having heated lengths other than twelve feet and

aracterist CE plants. The HTP and ANFP correlations will be used for the
HTP fuels as correla IS US for standard fuel! designs
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coolant quality and mass flux calculated with the XCOBRA-IIIC subchannel code'”, and

pressure. A minor dependence is also present. The form of the HTP
correlation’s dependence on the fuel design parameters differs from that of ANFP in order to
describe the performance of the fuel designs not present in the ANFP data base. The HTP
correlation contains factors to account for the effects of

The fuel also enter the correlation through

terms.

The HTP correlation data base and the correlation prediction of the measured data are
summarized in the following sub-sections. The HTP correlation is described in detail in Section
2 of this document. The experimental data base supporting the HTP correlation is discussed in
Section 3. A geometric description of the individual test assemblies and a tabulation of key
variables derived from the test data are also provided in Section 3 of this document. The
statistical characterization of the correlation is presented in Section 4.

1.1 The HTP Correlation Data Base

The cata base is comprised of
at tha Columbia University Heat Transfer Research Facility. The number of data points
substantially exceeds supporting the ANFP correlation. The test assemblies are
5x5 or 6x6 rod arrays All test
assemblies incorporate the HTP spacer

The range of coolant conditions represented in the HTP correlation data base is shown

in Table 1.1. The HTP correlation is applicable in this region. The coolant conditions commonly




encount

ereqg aurnn

'WRs are aiso within this range

The range of fuel design parameters represented in the data base s shown In Table 1.2

. i

The gecmetric features of the test sections are described in Table 1.3. The following variables

varied in the data base

are systematicailly va
Alsi 'he HTP correlatior
hus n the DNB heat flux

2 ation Predict ic Experiment ‘

The HTP correlation is used to predict the flux for each test point in the data
base. The ratio of predicted DNB heat flux to the measured heat flux (P/M ratio) is then known
for each test {. Statistics describing the distribution of P/M ratios are empioyed as a measure

{ the ability of the correlation 1o predict the DNB heat flux. The ove nean and standard
jevietion of the distribution of P/M ratios is computed using methods described ir

e -
for the individual test sections is provided in Table 1.4

A comparison of predicted DNB heat flux to measured DNB heat flux for the entire data
base is given in Figure 1.3. Upper and lower solid lines on this plot enclose a band

about the measured value. Two additional sclid lines lie interior to the upper and lower imit

DNB heat flux is equal to the

nes. One represents the ideal case in which the predic

- ! . ) T & £8P - N - PRI e . § N - ¢
neasure NB heat flux. The second interior line represents a ares fit of the predicted
NB heat flux as a function of the measured DNB heat flux, Because these interior lines differ
3 el ¢ C ‘ r 3
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The frequency distribution of the P/M ratios for the entire data base is depicted in Figure
1.4. The 95/85 safety limit for the HTP correlation derived using a

as discussed in Section 4.0.
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FIGURE 1.3 COMPARISON OF PREDICTED DNB HEAT FLUX
TO MEASURED DNB HEAT FLUX FOR ALL TESTS
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heat transfer due to steam blanketing at the rod surface

termed the DNBE heat
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CHARACTERISTICS OF THE HTP DNB CORRELATION

r

4

rh

e Departure from Nucleate Boiling (DNB) is characterized by an abrupt decrease in

Ire excu

-~
Wl

par ameters

the

The heat flux at which DNB occurs is

x, and is a function of coolant conditions, axial power distribution, and
in tests, the DNB heat flux is indicated by a rapid rod surface
N is usea (o pre 1 the eat X A Performance
orrelation is a
I glation is moedified by
r the H“"‘i"“; 4
cirrelation ¢ e e a M 1 ' W 1 5@ tienr
NB heat flux (MBtu/hr-sq. ft.) ¢ ! ¢ at f the
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The XCOBRA-IICT test section simulation models are described
in Section 3.2

22 Fuel Design Factor

The predicted DNB heat flux obtained from Equation 2.1 is modified by terms which
account for the effects of the

The factor FDF is found to effectively correlate these influences
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Non-Uniform Axial Power Distribution Correction Factor
The predicted DNB heat flux obtained from the base correlation is modified as follows for
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3.0 EXPERIMENTAL DATA SUPPORTING THE HTP DNB CORRELATION
The deta points supporting the MTP DNB correlation are obtained fror
programs performed at the Columbia University Heat Transfer Research Facility
The design features of the test assemblies and the models employed in the
XCOBRA-NC® simulations of the tests are presented in this Section. The resulis of the

calculations are aiso given in the following sections

he test assemblies are square 5x5 or 6x6 rod arrays
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The type of axial power distiibution employed in each test is noted in Table 3.2. Non-
uniform axial power distributions are tabulated as a function of axial position in Table 3.4 by test
section. Axial position s given as fraction of heated length measured from the bottom of the
heated length. The power factors represent the ratio of the heat flux at the given position to the
average heat flux for the rod. The test series includes

Thermocouples are employed to detect the occurrence of DNB in the tests. They are
located at the axial positions listed in Table 3.5. Thermocouples 1 and 2 for
are located on opposite sides of the rod.

32 I | T mbli

The local coolant’condiﬂons at the point of DNB are computed from the test assembly
coolant conditions with the approved XCOBRA-IIC computer code™. The XCOBRA-IIIC model
includes a specification of the test assembly geometry and power peaking, single phase friction
and component lcss coefficient correlations, two-phase flow correlations, a turbulent mixing
correlation, and appropriate calculation-control parameters. The components of the models are

discussed below.

The XCOBRA-IIT model for each test employs a geometric description of the test
assembly derived from the design parameters given in Tables 3.1 and 3.2 and Figures 3.1
through 3.3. Power peaking factors used in the models are those listed in Tabies 3.3 and 3.4.
The entire test assembly cross-section is modeied so that minor asymmetries in the radial power

peaking distributions may be accurately represented.

The correlation and the coefficients for the
MTP spacers and IFMs are listed in Table 3.6 by test section. The HTP spacer and IFM
are developed from measurerments taken in the Columbia

University Heat Transfer Research Facility
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In this table are listed the run numbaer, the computed value of the
computed vaiue of the the moasured the
the measured and predicted DNB heat fluxes, the predicted elevation of DNB, and the
computed value of the factor. The ratio of predicted DNB heat flux
measured DNB heat flux is listed in a column headed P/M (for Predicted over Measured). The

s the of the at the measured

- ~ g~ - - .y - T
the correlation statistics are recorded in

The key variables measured at the point of DNB are employed as boundary conditions

These variables are listed in Table 3.9. In the table are listed

™

he residuals for all data are depicted in Figt : ugh 3.7 hese figures are piots
ratio as a function of the th the
and the respectively. The overall residuals display no significant

trends

the HTP correlation

tained. A

v
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In Figures 3.8 through 3.23, two additional solid lines lie interior to the upper and lower
limit lines. One represents the ideal case in which the predicted DNB heat flux is equal to
e mecsured DNB heat flux. The second interior line represents a least squares fit of the

l predicted DNB heat flux as a function of the measured DNB heat flux. Because these interior

d C
. . Har ~ \ “ martiy ¢ ~ 3 | e \ mey eirnmificrarmt rocirdiial RMia
\ ines differ only insignificantly, the correlation displays no significant residual dias
A 16 AW f the residual ¢ is | ha ¢ f ende
f the re ils on the rrelation variables
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SYSTEM FOR TESTS
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FIGURE 3.2 CROSS SECTION OF TEST BUNDLE AND
ROD NUMBER SYSTEM FOR TEST
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FIGURE 3.4

OF TEST ASSEMBLY
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DNB HEAT FLUX SHOWN AS FUNCTION
FOR ALL TESTS
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FIGURE 3.6
FUNCTION OF
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DNB HEAT FLUX SHOWN AS

~CR ALL TESTS
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40 STATISTICAL CHARACTERIZATION OF THE HTP DNB CORRELATION
The HTP DNB correlation safety limit is derived using the ratio of the DNB heat
flux to the DNB heat flux The correlation safaty limit is the value of the
ratio which, with 95% confidence, $5% of the population of P/M values fall. The correiation
safety limit is derived using the same that was used for the
correlation, criterion is applied to identify outliers.
To evaluate the safety limit, the data sample is sorted in descending order of ratio.

defines the degree of confidence, g,
associated with the fractional probability, P, that values chosen
This degree of confidence, g, is defined in

terms of

With 95% confidence, at least 85% of the population of

ratios will be than this value
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Fage 2
Questicn 1 test sections simuiated a uniferm axial power profiie while
nad a cosine shape and nad a skew.d shape.
a) Since these data would nc* < 'opert a determination for a nen-symmetric

shape, explain that a uniform power shape . ‘oplicacle to the actual or expecied power
shape in the fuel.

B) Justify, using statistica’ anaiv the use of this correlation for all of the relevant
fuel iengths and power st apes.

c) Explain hew the casfficients anc the constant in the Equation for F, are
cetermined,

d) Explain why P/M comparison for tests 52, 82, and 58 show poor agreement,
Response:

a) A fundamental assumption uncerlying all major DNB ccorrelations is that the

ONB heat flux may be predicted from local coolant conditions. 1t feilows that the DNB heat
flux is (to the first orcer) independent of axial heat flux profile effects. The maximum
correction for nen-uniform axial power districution (NUAPD) effects in the TP correlation is

well within the correlation's 85/S€ tclerance limit for fitting ang measurement
accuracy. The small size of the NUAPD correction tends to confirm the validity of the local
conditions assumption. The use of uniform axial power cistributions in the KTP DNB
correlation data base is consicered azpropriate, since the key iocal conditicns dependencies
may be captured equally well with uniform or non-uniform axial prefiles. In this light, the
axial power distributions considered in the HTP correlation data base are adeguate (o
establish the NUAPD effects.

axial power distributions are included in the TP data base. The data
base supporting the BWC correlation contains three axial power distributions, * * 4 CE-1
correlation is based upen four axial power distributions. The data base for the WRB-1
correlation inciudes five axial power distributions. The number of axial power distributions
contained in the HTP data base is thus typical of the industry.

Qver the years, the PWH fuel vendors have collected large amounts of DNB
data characterizing various NUAPDs for different fuel designs. Most of this cata is available in
the pubtlic domain. From this data, it has been recognized that the NUAPL effect is fuilly
separable from fuel design parameter effects, such as hydrauiic diameter, spacer pitch, and
assembly heated length. This has been demonstrated by the universally successtul
application of integral NUAPD factor formulations that are independent of fuel design
parameters 10 large bodies of NUAPD data. (Some examples are the Westinghouse W-3,
WRE-1 and WRB-2 correlations, the CE-1 correlation, the BWC correlation, the XNB
correlation, and the EPRI correlation). The HTP correlation experimental design was

.l
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Justification for the saparation of fuel design parameter effects from the NUAPD
effect in the experimental design is provided in the response to Question 1a, above.

c) The development of the F_, ccoefficients is described in the follew. 1g. A
carrelation is developed based on the available uniform axial shape data (see response 0
Question 4). The nen-uniform axial shapes are predicted using this correlation. The raguired
adjus:mems for NUAPD effects are correlated in terms of the FRBZ parameter defined on
page 1 the topical report. An acditional constraint is found in the requirement that the
\JUAFC fac‘cr go to a value of cne for the uniform axial shape.

The result is a NUAPD factor that effectively correlates the HTP data, and that
pehaves in a reasonable and ccnservative manner for all NUAPDOs. The vaiue of F_ lies
across the range of possible FPBZ values. The factor provices a maximum
credit of

For additicnal
information, please see the respense to Question 1a,

d) The key statistics for he HTP correlation predictions of Tests
are given in Table 1(¢)a. The mean values listed in Table 1(<)a indicate that for these test
sactions, the DNB heat flux precictec by the HTF correiation is on average less than the
measured values. The TP precictions for the fuel designs represented by Tests
are therefore conservative.

The difference between predicted and measured values for these tests is
slightly larger than for other tests in the HTP data base. The accuracy is acceptable for a
ONE corretation applicatile to more than one fuel design. Ferfect fits of all test sections are
typically not achieved in practice. The standard deviations for Tests are well
within expectation. The accuracy of the HTP correlation in predicting the Test cata is
actually quite good, in that the mean P/M value for that test is within 1% of the overall
correlation mean P/M, Tests and  are underpredicted in the mean by amounts that are
also well within expectation for a DNB correlation.

To provide a basis for comparison, the key statistics for the § most
conservatively biased test sections included in the WRB-1 data base are listed in Table 1(d)b.
it may be seen that the HTP predictions for the three tests of concern lie within the range of
the WRB-1 predicticns, confirming iie adequacy of the HTP cerrelation fit of Tests
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deviation, for acceptably smail cependence cf residuals cn the correlating variatles, and for
whether the resuiting correlation provides a reascnatle magnitude for tne varicus fuel cesign
parameter effects wnen compared to the expicratory correlation. This precess is repeated
until a satisfactory correlation of the uniform axial data base is obtained. Non-uniferm axial
effects are handled as discussed in the responses to Questicn 1.

The length effect implemented via the LEN and LEN2 parameters is [imited to
that characterizing the range between For heated lengths below the
value at is used. Since a reduction in heated length generaily procuces an
improvernent in ONB perfcrmance, this is a conservative approach, The Test  data

heated length) was successiuily predicted using this apercach, SPC does net anticipate
applying the HTP correlation to any reactors having a heated length greater than
(Contrary to Table 1.2 of the HTP topical report, the lewer limit on the
application consistent with the limits of the data base).

Question 5. Explain and justify the meaning of negative lccal quality on Figure 3 3.

Response: The thermodynamic quality, x, is defined:

- 4 - {h'n " h-l"h‘o

where h,, is the subchannel cross-secticnal average enthaipy, h,, is the liquid
saturation enthaipy, ana h,, is the latent heat of vagorization. yx is defined for values of h,
greater than h,, or less than h, and may take values either greater or less than zerc. x
values less than zero carrespond to the subcoocled veid regime, in which coclant at the rod
surface is two-phase, but the coclant on average across the subchannel is subcooled. For
values of x greater than zero, the coclant on average across the subchannel is two-phase.

Sceme DNB data do occur in the subcocied void regime.

Question 6: Define and justify the applicable range of physical conditions for the HTP
correlation,

Response: The ranges of conditions within which the HTP correlation is to be used are
listed in Tables 1.1 and 1.2 of the HTP topical repert. These ranges are the ranges of the
vanables represented in the HTFP ccrrelation data base. The correlation is not applied cutside
these limits. The XCOBRA-IIIC code in which the HTP correlation is implemented prints
warning messages shouid a particular application calculation result in conditions which
exceed these limits, to alert the analyst to the problem.

The lower limit on-assembly heated length listed in Table 1.2 of 1. YTP topical
report is incorrect. The correct lower limit is corresponding to the limits <« TP data
tase. SPC intends to apply the HTF correlation as described in Section 2 of the report for
fuel designs between







EMF -82-153(NP)(A)

Supplement 1

August 20, 1683 Page 198
Page 10

Nithin the limits of measurement and fitting accuracy, the corralations accaptabily reproduce
their rescective data Dases. It was expected in the develcpment of the HTP correiation that it
would produce resuits that are similar those of the ANFP correlation, as is demonstrated in
Table 8.

SPC does not have access to the ABB-CE DNE correlation, and so cannct
provide the requested comparison.

Table 8 Compariscn of Key Statistics for Test
Sections Common to HTP and ANFP

Question 9: Cemonstrate the applicability of the used

with XCOBRA-IIIC to the wicter range of fuel design parameters which constitute the
correlation data base.

Response: ONB correlations typically inciude fuel design parameter terms. These terms
inciude the spacer pitch and/or the distance from the next upstream mixing grid, the heated
length of the assembly, and the hydraulic diameter. Correlations representing mere than one
ype of mixing grid design may describe this effect by using different vaiues of the turbulent
mixing parameter to represent each different mixing design. The HTP correlation is applicable
only to the HTP fuel design, and thus requires oniy one vaiue of the turbuient mixing
coefficient. Correlating in terms of these fuel design parameters captures the effects of fuel
desigit parameters on turbulent mixing as it affects ONB performance. The effects of
turoulent mixing on the DNB performance are implicitly inciuded in the fuei design parameter
dependencies of the DNB correlaticn. An explicit, accurate formulation of the turbulent mixing
parameter is thus not required for the accurate correladon of the DNB performance. The

is thus equally applicable to all TP fuel designs represented in
the HTP correlation data base.







