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Dr. Richard B. Stout, Manager
Exxon Nuclear Company

2101 Horn Rapids Road

P. 0. Box 130

Richland, Washington 99352

Dear Dr. Stout:
Subject: Acceptance for Referencing of Licensing Topical Report

XN-NF-621(P), Revision 1, "Exxon Nuclear DNB Correlation
for PWR Fuel Designs”

We have completed our review of the subject topical report submitted

May 5, 1982 by Exxon Nuclear Company (ENC) letter GF0:034:82. We find
this report is acceptable for referencing in license applications

for LWR Plants tc the extent specified and under the limitations
delineated in the report and the associated (NRC) evaluation which is
enclosed. The evaluation defines the basis for acceptance of the report.

We do not intend to repeat our review of the matters described in the
report and found acceptable when the report appears as a reference in
license applications except to assure that the material presented is
applicable to the specific plant involved. Our acceptance applies
only to the matters described in the report.

In accordance with established procedures (NUREG-0390), it is requested
that ENC publish accepted versions of this report, proprietary and non-
proprietary, within three months of receipt of this letter. The accepted
versions should incorporate this letter and the enclosed evaluation
between the title page and the abstract. The accepted versions shall
include an -A (designating accepted) following the report identification
symbol.




Dr. Richard B. Stout APR 12 B83

Should our criteria or regulations change such that ou: conclusions as to
the acceptability of the report are invalidated, ENC and/or the applicants
referencing the topical report will be expected to revise and resubmit
their respective documentation, or submit justification for the continued
effective applicability of the topical report without revision of their
respective documentation.

Sincerely,

Cecil 0. Thomas, Chief

Standardization & Special
Projects Branch

Division of Licensing

Enclosure:
As stated




1 INTRODUCTION

In XN-NF-621, Revision 1, Exxon Nuclear Company (ENC) presented the XNB critical
heat flux (CHF) correlation which will be used to assess the thermal margin of
pressurized water reactors (PWRs). The XNB is an empirical relationship which
specifies CHF (i.e., the heat flux at which departure from nucleate boiling,
DNB, occurs) as a function of local coolant conditions and fuel assembly
geometry. It is based on 14 test series with a total of 714 data points and
three different PWR fuel vendor designs. The 14 test series include variations
in grid design, heated length, grid span, rod diameter, and axial and radial
power distributions.

The local coolant conditions in the rod bundle were calculated using the
XCOBRA-IIIC computer code which is described in XN-NF-75-21(P) and the range
of coolant conditions tested were typical of an operating PWR.

Based on the XNB's ability to predict the test data, Exxon has proposed a
departure from nucleate boiling ratio (DNBR) 1imit of 1.17 for the correlation.

This 1imit corresponds to a 95% probability of not experiencing DNB at a 95%

confidence level. The comparable value for the W-3 correlation, which is

presently used by ENC, is 1.30.
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2 DESCRIPTION OF CORRELATION

The basic form of the XNB correlation is follows:
q" uncorrected =A+B "N
where A = f (pressure, mass velocity, inlet subcooling)
B = f (pressure, mass velocity, local enthalpy)
HLOC = Reduced local enthalpy
Local Enthalpy/906.00

A1l of the parameters used in the XNB are reduced using the critical properties
of water (i.e., the water properties at the critical pressure, 3208.2 psi)
and using the above method for HLOC.

Additional factors are used as part of the correlation to account for non-
uniform axial power distributions, geometry differences such as spacer pitch
and mixing vane loss coefficients, and differences in heated lengths. The
final form of the XNB is:

qQ" critical = (q" )* Correction Factors eq. (2)

uncorrected

The procedure for using the XNB is to initially calculate the heat flux using

equation (1), determine the appropriate correction factors, calculate CHF
using equation (2), and determine the DNBR, which is the ratio of the actual heat
flux to predicted CHF.

The ranges over which Exxon is requesting the XNB be applied (Chandler;
January 6, 1983) are:

Pressure (psia) 1395 - 2425
Local Mass Velocity (Mlbm/hr-ftz) 0.92 - 3.04
Local Enthaipy (Btu/1b) 594.85 - 821.24
Local Quality -02 - +0.3
Heated Length (inches) 66 - 168

Grid Spacing (inches) 14.3 - 22.0
Inlet Subcooling (Btu/1b) 37.2 - 336.34
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It will also be used for the following geometries:

Vendors: Exxon Nuciear
Combustion Engineering
Westinghouse

Fuel Design: Non-Mixing Vane
Mixing Vane

Equivalent Hydraulic 0.177 - 0.612
Diameter (inches)

Equivalent Heated 0.463 - 0.528
Diameter (inches)

The test series and their associated fuel rod arrays are:

Vendor Rod Array Test Series

Westinghouse/ 14x14, 15x15 ENC-3, 4, and 5
Exxon ROSAL-2, 4, 7, and 8
Exxon 17x17 ENC-6

Cumbustion 16x16 CE-47, CE-59
Engineering

Westinghouse 17x17 WH-162 and 164
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3 STAFF EVALUATION

3.1 Scope of Review

The staff review of XN-NF-621, Revision 1 included an independent audit of the

subchannel calculations performed to determine the local coolant conditions in
the rod bundle for all 714 data points. This was performed using the COBRA-IV
computer code which was derived from and is an ancillary of the COBRA-IIIC
prog~am. OQur review also included a statistical analysis of the calculated
results and a review of the methodology used in combining the XCOBRA-IIIC code
and the correlation. During the review, requests were made for data clarifica-

tion and additional or corrected information was received in several areas.

The above reviews were performed by the Idaho National Engineering Laboratory
(INEL) under the direction of a cognizant staff member.

3.2 Results of Audit Calculations

The results of the INEL audit calculations are presented in Tables 1 and 2.
Table 1 is a comparison of th2 local conditions at which CHF was predicted as
determined by the XCOBRA-IIIC and COBRA-IV codes for a limited number of data
points. The comparison indicates good agreement between the two codes and
either could be used to establish the local conditions required for the develop-
ment of a CHF correlation.

Table 2 is a comparison of the mean and standard deviation for each of the
data sets and the total population. This comparison shows good agreement for
the cverall value:z but contains discrepancies in many of the individual data
sets. The possible ramifications associated with these differences are de-

scribed in the statistical analysis discussion contained in this report.
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During our review, the staff requested that Exxon provide a description of
how the local conditions for the XNB were determined including a discussion
of the subchannel code used, subchannel modeling, axial nodalization, and
input assumptions. Exxon responded that the XCOBRA-IIIC code was used to
calculate the local coolant conditions. XCOBRA-IIIC is a derivative of the
COBRA-IIIC code which was developed at Battelle Pacific Northwest

Laboratory. The modifications made by Exxon to COBRA-IIIC include minor
improvements in the solution technique, the addition of calculational options,

and operational modifications such as streamlining code input.

Exxon further stated that the friction factors used were determined from
pressure drop measurements performed on ENC test sections or estimated for
geometries for which ENC does not have detailed test data. These loss
coefficient estimates are based on the experience gained from measuring
actual fuel bundles of Westinghouse or Combustion Engineering (C-E) designs.
They also reported that sensitivity studies of CHF test data showed negli-

gible influence on predicted conditions when the form loss coefficients were
varied by as much as 15%.

The mixing values (%3) chosen were based on spacer design and are dependent

on a particular fuel type. These values were determined experimentally for the
ENC designed fuel while for non-Exxon fuel a lower bounding value was used

for mixing vane grids. For example, in analyzing, the Westinghouse "L"

grid design a Tower value of 0.010, which was obtained from wCAP-8030-A, was
used

Based on our review of the above information, the staff concludes that the
approach taken by Exxon in determining the local conditions used in developing
the XNB correlation are acceptable. The XCOBRA-IIIC code is still under staff
review, and any limitations resulting from this review will be addressed in our
safety evaluation report on XN-NF-75-21(P), Revision 2.

The INEL audit calculations were performed using the same friction factor
correlation, two-phase flow correlation, -~rossflow resistance, momentum
turbulent mixing factor, pitch to length parameter, inlet entiialpy and
inlet mass velocity as Exxon.
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Qur review also included an analysis of the correction factors used in the XNB
development and the determination of these factors in actual reactor application.
Based on this review, we have concluded that the method used to calculate

these parameters and their values used in determining the DNBR 1imit are
acceptable.

Kowever, it is the opinion of the staff and our consuitant that a change in
these parameters, such as determining their values using a prototype and then

a full scale bundle, may increase the uncertainty in both the code's prediction
of local coolant conditions and the correlations prediction of CHF. This may
significantly alter the statistical analyses on which the DNBR 1imit is based.
Therefore, we conclude that the values of these parameters used in the develop-

ment of the XNB must be used in licensing analyses.

For the urniform heat flux tests, ENC used the erd of the heated length as the
CHF location while the experiments showed that for the same tests, CHF occurred
upstream of the end of the heated length. When asked to justify using this
technique in determining the DNBR Exxon responded that the worst local condi-
tions calculated for a bundle having a uniform axial power distribution (APD)
are at the end of the heated length. In order to maintain a consistent path
between test analysis and reactor design and based on the fact that the DNBR
location in a reactor is determined by the code and is not known apriori, the
procedures used to determine the DNBR for those tests where burnout occurred
upstream of the heated length is acceptable. We have reviewed the additional
information provided by ENC and have concluded that the method used by Exxon
in determining DNBR is acceptable since the DNBR limit is dependent on the

ability of the subchannel code to predict local conditions which produce CHF.

An additional area of concern raised by the staff on the uniform heat flux
tests was why CHF occurred at the thermocouple upstream of the end of the
heated length rather than at the end of the heated length where the highest

quality region should occur. Exxon stated that burnout is a function of the
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location of the spacer gric and that the grids will improve heat transfer for
a distance of 20 or more rod diameters downstream of the spacer. Because the
spacer was located slightly downstream of the end of the heated length, heat
transfer above the spacer would improve while the local hydraulic conditions
downstream of the grid would be more severe. Therefore, for the experimental
data in question, the effects of the spacer grid dominated the occurrence of
CHF even though a higher quality may occur at the end of the test bundle. The
staff has reviewed this information and concludes that ENC has acceptably
addressed our concerns on this issue.

Finally in the area of test procedures, the staff requested that Exxon provide
a discussion on how the rate of power was increased, what post-test inspections
were performed, and what, if any, duplicate =uns were made to establish continued
integrity of the test bundle. In response to this concern, ENC stated that

the power was manually raised in the CHF tests by an increment of less than 1%
and held constant until conditions became stable. This process was repeated
until CHF occurred. They further stated that dupiicate runs were made to
establish continued integrity. As an example, they cited the ENC-6 tests,
where replicate points were taken during the test and one in between point was
taken at the end of the test to confirm continuity and consistency of the test
data from beginning to end. At the end of the tests, post-test inspections
were performed and, for example, on the ENC-6 bundle there were no visible
signs of hot spots on the rods. Based on our review of this information, the

staff has concluded that the CHF tests were performed in an acceptable manner.

Our review of the statistical characterization of the XNB results dealt mainly

with the method used by Exxon to statistically analyze the data and a review
of the analyses. The statistical method used by ENC was to evaluate tha
predicted-to-measured (P/M) ratio of CHF data Since in previously approved
correlations, the measured-to-predicted (M/P) ratio was used to determine
the 95/95 1imit, Exxon was asked tc justify their technique. ENC responded
that the procedure used in determining the 95/95 limit assumed a normal
distribution. Transforming the data from P/M to M/P yields two distribu-
tions for comparison, both of which may be normal or both may depart from

normality. As a verification on the 95/95 limit for the P/M data, Exxon
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performed a distribution free estimate of the limit and determined the value
to be 1.177. For the reverse ratio, and using their original statistical
approach, Exxon calculated that 95/95 1imit for the M/P data, when a normal
distribution is assumed, is 1.191.

ENC further stated that the non-parametric estimate of the 95/95 limit, 1.177,
does not make complete use of the actual distribution, and therefore this

limit will bound the 95/95 1imit obtained from the actual distribution. By

considering the first four moments of the P/M data ENC found that the actual
distribution is a gamma distribution. On the other hand, the use of the M/P
data is overly conservative since, the actual value of the 95/95 1imit for the
P/M data, when the appropriate distribution is used, lies at some value below
the non-parametric limit of 1.177. ENC also stated that the DNBR reported for
licensing analyses is defined as P/M ratio. Based on our review of the above

information, the staff has concluded that the analysis of the P/M data is
acceptable.

As part of the review, the staff requested that Exxon demonstrate that each of
the samples, e.g., test series, belong to a single population. ENC responded
by initially performing a Bartlett test for homogeneity of variance (Chandler;
August 26, 1982). The breakdown was based oan both vendor design and fuel
assembly geometries. The results of this test showed that the variances do
differ among geometry types.

Exxon also performed a K-sample Squared Ranks test of variance using the above
groupings (Chandler; August 26, 1982). Results for the population of & samples
and 5 degrees of freedom indicated that at least two of the variances were
unequal. By removing the ROSAL, ENC-1, and 2 data, Exxon found that there
exists a significance level between 2.5% and 5.0% that the remaining data were
from the same population. Finally, ENC removed the ENC-3, 4, and 5 data and
analyzed the remaining population. Based on the results of the third analysis,
Exxon concluded that the data comprised of 3 samples and 2 degrees of freedom
were likely identical.
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An analysis of the means and a comparison of variance analysis showed that for
an equivalent sample size of 83.7 with 378.7 degrees cf freedom the mean is
0.98502 with a standard deviation of 0.09847. Based on this mean and standard
deviation the 95/95 DNBR 1imit would be 1.168.

The fina) analysis performed by ENC was the determination of a DNER limit
excluding that data which had the greatest possibility of being from a different
population. For all sections less the ROSAL and ENC 1 thru 5 data the DNER
limit was 1.169 while for all sections less the ENC-6, WH-162, WH-164, (E-47,
and 49 data, the DNBR limit was 1.176.

The results of the above tests lead ENC to conciude that the data could be
treated as a single population and that the 1.17 ONBR 1imit would cover any
deviation within the data sets.

In order to ascertain the validity of these conclusions, INEL performed a
series af F-tests to identify any systematic variation among the test series.
The tests were performed at a 99X confidence level. Based on the F-test, INEL

concluded that there was a variance among tests of different geometries.

Additionally, INEL performed a one-way analysis of variance using the ungrouped
test series.

For the one-way analysis, INEL used the groupings reported by ENC and calcuiated
a F-ratio of 24.03 for six samples with five and 708 degrees of freedom for

the numerator and denominator. This result shows that there is a variance

among the tests when they are grouped by geometry type. Removing data sets
WH-162, WH-164, ENC-3, 4, and 5 resulted in an F-ratio of 2.40 with three and
392 degrees of freedom for the numerator and denominator. This indicates that

the remaining data have a probability of between 5% and 10% of being in the
same population.

A second one-way analysis of variance was performed on _he ungrouped data.
The results of this test are presented in Table 3 and indicate that ENC-1,
ENC-2, ENC-6, ROSAL-2, ROSAL-7, ROSAL-8, WH-162, CE-47 and CE-49 are probably
of L%e same population while test series ENC-3, ENC-4, ROSAL-4, and WH-164 are
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of a second population. ENC-5 is a unique test series and does not fall into
either population Using the above populations, a DNBR limit of 1.21 for the
ENC~1, ENC-2, etc. population was determined while the ENC-3, ENC-4, etc.
population has a 95/95 limit of 1.133.

Figure 1 is a histogram of the total data set and it shows that the overall
population is approximately normally distributed. Histograms for the individual
samples (EGG-NTAP-6167) show that ENC-3, ENC-4, ENC-5, ROSAL-4 and WH-164 are
skewed to the left of the population mean.

Further analyses were performed to determine if there was a reason for the
groupings obtained from the one-way analysis of variance. A number of groupings
were examined using different bases such as rod diameter, grid spacing, radial
power distribution, axial power distribution, KLOSS, and an unheated guide

tube in the bundle. These studies showed no uniqueness in either grouping.

A second evaluation revealed that the modeling of the guide tube was an influence

in determining the above grouping. For those bundles containing an unheated

guide tube, CHF experimentally occurred in a channel that contained the guide
tube; however, in predicting CHF, Exxon often reported burnout in a channel
other than the one with the guide tube. Since the guide tube is an unheated
wall, CHF occurs at less severe local conditions and has a lower value. If

CHF is predicted in a typical channel, four heated rods, when it actually
occurred in a guide tube channel, this would be nonconservative. The reason
for .his is that the predicted local conditions are greater than the conditions
which experimentally produced CHF; therefore, the analytical results show that
you can go to a higher power than you actually achieved.

Table 4 presents a summary of the test series that have one or more unheated
guide tubes. For all of the series reported in Table 4 ENC predicted CHF in
the COBRA hot channel rather than the experimental channels listed in the

table. This indicates that the reason ENC-3, ENC-4, and ENC-5 do not belong
to the population may be the difference in the channel for the predicted and

measured CHF. Test series ENC-6 does not fall from the population because the
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difference between the COBRA-IV experimental hot channel and the guide tube

channel is only 3.0% and the sample mean is closer to the expected mean of
1.0.

In addition to the above analyses, the INEL audit calculations revealed that
the ENC-1, 2, 3, 4, 6, CE-59, and ROSAL-8 test series were biased with inlet
pressure. For pressures less than 1800 psia the correlation predictions tend

to be écattered about some value less than 1.0 while for data above 1800 psia

the data is randomly scattered about 1.0. This indicated that the correlation
under predicts CHF for the lower pressures but is reasonably accurate for
pressures above 1800 psia. Based on this review, the staff has concluded that
although these test series statistically belong to one of the two populationg,
excluding the ENC-5 population, the fact that they are biased with pressure
may preclude them from being placed in either population.

Also, the staff statistically analyzed the six different geometry types reported
by Exxon. Table 5 contains the results of our analysis based on a geometric
characterization. These results show that for the ENC-1 and -2 population the
mean, standard deviation, and 95/95 'imit are much greater than the mean,
standard deviation, and 95/95 limit of the remaining populations when they are
compared to the same parameters of the total population.

Based on our review of the ENC statistical analyses, our consultant's analyses,
and the result of the staff's statistical analyses, we requested additional

information from Exxon which justified treating the 14 samples .s one population.

In response to our concerns, Exxon provided plots of DNBR versus inlet pressure
for those test series that the staff felt were biased with pressure (Chandler;
December 16, 1982). Based on their owrn pressu-e plots ENC concluded that

there was no significant systematic trends with pressure. We have reviewed

the .information submitted in the December 16, 1982 letter and have concluded
that there is a small trend with pressure; however, the trend is random in
nature and does not exhibit any systematic characteristics. Therefore, the
staff concludes that the ENC-1, 2, 3, 4, 6, CE-59, and ROSAL-8 test series
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need not be treated as a single pop !ation due to the trends in pressure,
since these trends are not systematic.

With respect to the statistical analyses, Exxon requested that the data be
reviewed as two separate populations (Chandler; December 22, 1982). One of

the populations would be comprised of the test series representing 16x16 and
17x17 arrays (CE-47, CE-59, WH-164, WH-162, and ENC-6) while the second popula-
tion would represent the 15x15 bundles. As justification for requesting this
breakup, ENC provided the range of test conditions and axial power distri-
butions found in each population.

A review of the 16x16 and 17x17 data base showed that only a chopped cosine
and uniform axial power distribution (APD) were present. It is the position
of the staff that all possible power distributions expected throughout an
operating cycle be used in the development of any CHF correlation. Since the
16x16 and 17x17 do not include either an upskew or downskew APD, Exxon cannot
remove those test series, e.g. the 15x15 array, that have the upskew APDs.
Therefore, the 15x15 test series must remain in the data base until ENC pro-
vides additional data for the 16x16 and 17x17 test series which contain an
upskew and/or downskew APD.

In a modified response (Chandler; January 3, 1983) Exxon reques.ed that test
series ENC-1 and ENC-2 be removed from the data base. The reason for elimin-
ating this data was that ENC-1 contained minimum grids that were not repre-
sentative of any grid being manufactured by ENC, Westinghouse or CE while
ENC-2 had a uniform axial and radial power distribution that was atypical of
actual reactor conditions. ENC further stated that a statistical analysis of
the data was performed using the populations reported by INEL. The results of
these evaluations showed that the worst 35/95 1imit was 1.17 for the population
containing the CE-47, -59, WH-162, ENC-2, ROSAL-2, -7, and -8 test series.
Based on these results, we have concluded that the proposed grouping of data
which results in a DNBR 1imit value of 1.17 is acceptable.

Exxon SER 3-9




4 CONCLUSION

The staff has reviewed XN-NF-621, Revision 1 and the additional supporting
information submitted by Exxon Nuclear Company. Based on this review, we have
concluded that XNB correlation is acceptable for use in reactor licensing
applications. We have also concluded that the 95/95 DNBR limit of 1.17 reported
by Exxon is acceptable. These conclusions are based on the following:

(1) The subchannel code used, XCOBRA-IIIC, is acceptable for predicting
local coolant conditions used in the development of a CHF correlation.
This is based on a comparison of XCOBRA-IIIC with the staff's audit code
COBRA-IV. Since the XCOBRA-IIIC is still under staff review, any limita-
tions resulting from its use will be addressed in our safety evaluation
report on the code.

2 (2) An independent audit, performed by our consultant INEL, using a different
v subchannel code yielded similar results.

(3) The DBNR data has been statistically characterized in an acceptable

manner.

(4) The 95/95 limit is based on three separate populations that were recom-
mended by our consultant; therefore, the 95/95 1imit of one population
will be conservative when compared to the limit of a population containing
all of the test data.

We will require that the correction factors used in analyzing the CHF test
data and the mixing factors used in the data reduction be used in reactor
design applications, since a change in these factors may alter the code and
correlation uncertainties associated with the prediction of CHF. This in
turn may raise or lower the 95/95 DNBR 1imit. Therefore, if any of these

parameters are changed, ENC must provide a description of the change and
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sufficient justification which warrants making this change. Additionally,

Exxon should provide the test data which justifies using the XNB on fuel
designs not contained in the data base or acceptable justification on why the
XNB is applicable te this fuel type. For example, Exxon manufactured fuel for
CE reactors is not present in the data base. ENC must provide additional test
data for these fuel bundles or a quantified justification of the XNB's appli-
cability to this bundle type.

Finally, it should be noted that the DNBR limit does not include any adjustment

which is required when a mixed core, e.g. a core with geometrically different

fuel types, is analyzed.
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5 REGULATORY POSITION

The staff concludes that the XNB CHF correlation as described ir XN-NF-621,
Revision 1 is acceptable for use in licensing appliication when it is used

with the XCOBRA-IIIC code and within the range of application reported in

Section 2.2 of this safety evaluation report. We alsc conclude that the
$5/95 1imit of 1.17 associated with the XNB is acceptable. Use of the

correlation should be within the limitations described in the previous

section

Based on our review, the staff finds XN-NF-621, Revision 1 an acceptable and

referential report with the restrictions noted in the above paragraph.
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Table 1: Comparison of Local Conditions

Enthalpy Quality Void Fraction Mass Flux
Case XCOBRA-111 COBRA-1V XCOBRA-III COBRA-IV  XCOBRA-IIIC COBRA-IV  XCOBRA-IIIC COBRA-1V

ENC-3-63 656.57 656.49 0.077 0.077 0.610 0.594 1.9046 1.9434
ENC-4-28 703.28 705.78 0.167 0.167 0.709 0.712 1.4897 1.5210
ENC-6-42 616. 44 628.00 0.00 0.007 0.318 0.350 2.8655 2.8998
ROSAL-2-18 612.57 627.50 0.001 0.027 0.550 0.554 1.8674 1.8809

ROSAL-2-9 622.44 636.52 0.018 0.043 0.561 0.566 1.9409 1.9601




Table 2: Comparison of Mean anr~ Standard Deviation

Test Number of Mean (Meas./Pred) Standard Deviation
Section Data Points XCOBRA-IIIC COBRA-IV XCOBRA-I11 COBRA-1IV

CE-47 96
CE-59 89
WH-164 53
W~ 162 53
ROSAL-2 28
ROSAL-4 26
ROSAL-7 11
ROSAL-8 32
ENC-1 28
ENC-2 24
ENC-3 73
ENC-4 80
ENC-5 59
ENC-6 62

.028
023
. 950
. 992
. 976
.933
. 970
.001
. 040
. 993
. 994
. 985
.911
. 995

.0300
0500
.9727
. 0032
. 9995
. 9689
. 0383
. 0586
. 0504
. 0119
. 9458
. 9712
. 8956
. 0071

.0741
. 0820
.0677
. 0845
118
. 0843
1043
.0987
. 1212
. 1093
. 1029
1196
. 0848
. 0749

. 0804
. 1020
. 0682
.0736
. 0990
. 0832
.1210
. 1070
. 1220
1090
.0923
.112
. 0811
. 0868

OO0 ODOHMFODOOO O MM
HO OO OO M O M
CO0ODOOCO0OO0ODOOO OO
OO0 ODODO0OODDODOO0O

Total
Population 714 0.985 . 99614 . 09847 0.1030




Table 3: One Way Analysis of Variance

Probability of Being
Test Series Grouping in Same Population

ENC-1, -2, -6
ROSAL-2, -7, -8
wWH-162, CE-47, -59

ENC=], -2, 4, 6
ROSAL -2, -4, -7, -8
WH-162, -164

CE=47, CE=39

"1, 2, *3, *§, 6
RSAL-2, ~§, ~7, -8
WH-162, -164

i 87, -39

RC~3, ~%, “B
ROSAL-4, WH-164
ENC-3, -4
ROSAL-4, WH-164




Table 4: Comparison of Test Series With Unheated Guide Tubes

Number of Experimental CHF Predictions
COBRA-IV Channe!
Test COBRA-1V Other Than
Series Hot Channel? Hot Channel Explanation

WH-162 All Q- As expected.

ENC-6 20 42 The 42 channels are 3% cooler than
the hot channel.

ENC-3 18 53 Five of the indications occur in a
channel with 5% less power, 21 in a
channel with 0.4% less power and the
remaining in a channel with 23%
less power.

Seven of the 50 indications were
in a channel with 0.20% less power
while the remaining 43 were in a
channel with 22X less power.

Twenty-five of the 53 indications
occur in a channel with 0.9% less
power while the remaining 28 are
in a channel with 22X less power.

CE-47 The 14 indications occur in a
channel with 0.3% less power.

CE-59 85 The 4 indications occur in a
channel with 0.1% less power.

TENC predicts all CHFs in this channel.




Table 5: Comparison of 95/95 Limit Based on Geometry

Standard

Geometry Grouping Mean Deviation 95/95 Limit
CE-47, CE-5S 1.0256 0.0778 1.169
WH-162, WH-164 0.9710 0.0791 1.123
ENC-6 0.995 0.0749 1.146
ROSAL-2, 4, 7, 8 0.9720 0.1021 1.169

b ENC-1, ENC-2 1.0183 0.1173 1.259
FNC-3, ENC-4, ENC-5 0.8503 0.0865 1.109
Total Population N.985 0.0985 1.163

£
i
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NUCLEAR REGULATORY COMMISSION DISCLAIMER

IMPORTANT NOTICE REGARDING CONTENTS AND USE OF THIS DOCUMENT

PLEASE READ CAREFULLY

This technical report was derived through research and development
progrems sponsored by Exxon Nuclear Company, Inc. It is being sub
mitted by Exxon Nuclear to the USNRE as part of a technical contn
bution to facilitate safety analyses by licensess of the USNRC which
utilize Exxon Nuclear-fabricated reload fue! or other technical services
provided by Exxon Nuclear for lioht water power reactors and it is true
and correct t0 the best of Exxon Nuclear's knowledge, information
and belief. The information contained herein may be used by the USNRC
in its review of this report, and by licensees or applicants before the
USNRC which ars customers of Exxon Nuclear in their demonstration
of complianc~ with the USNRC's regulations

Without derogsting from the foregoing neither Exxon Nuclear nor
any Derso. scting on its behalf

A. Makes any warranty, express or implied, with respect to
the accuracy, completeness, or usefuiness of the infor
mation contained n this document, or that the use of
any wnformation, apparatus, method, or process disclosed
n this document will not infringe privately owned nghts
o

Assuiies any labilities with respect to the use
damrasges resuiting from the use of, any information, ap

paratus, method, or process disclosed in this document
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1.0 INTRODUCTION AND SUMMARY

Exxon Nuclear presents in this report a new correlation for assessing
theirmal macrgin i1n p-essurized water reactors (PWRs). The thermal margin 1in
pLessul 1zed water reaclors 1s assessed with a correlation of the local fluid
conditions which result 1n a sudden rise in fuel rod temperature. This
temperature rise 1s due Lo a degradation of heat transfer at the rod surface
which 1s commonly known as departure from nucleate boiling (DNB, or critical
heat flux (CHF ). The correlation described in this report, the XNB correla-
tion, has been compsired with data gathered at Columbia Unxver81ty‘2'3’ with
Lest assemblies representing several different designs, as summarized in Table
.1

The local fluid conditions which lead Lo DNB have been predicted by a

subchannel analysis of the test assemblies. This analysis 1s performed with

Lhe XCUdRA-IIIC\1’ computer code, which performs a simultaneoue solution of

equalions representing the conservation of mass, momentum, and energy. The
calculated local fluid conditions were used as the correlative basis 1in
predicting the rod surface heat flux which results in DNB. The XNB correla-
Lion 18 comprised of a base correlation with a correcting term for nen-uniform
axial healt Fflux profile, correcting terms for fuel length, spacer pilch, and

mixing vanes,




foir each data point i1n the data base, the ratio of the heat flux pre-
dicted by the XNB correlation to that measured in Lhe testing (DNB heat flux
has been determined. A comparison of the predicted heat flux to

measured heat flux for all data 1s shown 1n Figure 1.1. The average DNB ratio

as well as the standard deviation have been determined to assess the accuracy

of the XNB correlation. This comparison shows that a fuel rod operating witn

a minimum DNB ratio (MDNBR) of 1.16 1s assured that with 95% confidence, there

18 a 95% probability of avoiding DNB.




Table 1.1 Summary of DNB Data Analyzed

Healed Grad Rod
Test Graid* Length Span Diameter Power Distribution Numbe1
Bundle Type (feet ; (1nch) (1nch) Axial Radial Points

CeE-47 2. .30 .382 UNIF ORM 97-1.14 1.028 0.0741
Ce-59 o3 .30 .382 Cosu .96-1.20 1.023 0.0820
WH-162 4. 22. 374 cosu .95-1.10 0.992 0.0845
WH-164 . 2. 374 Cosu .94-1.10 0.920 0.0677
ENC-6 ' 2. 20. .360 Cosu .97-1.10 0.995 0.0749
ENC-1 3 . . 413 UNIF ORM UNIF ORM 1.029 .1186
ENC-2 . . 413 UNIF ORM UNIF ORM .983 . 1084
ENC-3 . . 421 UNIF ORM «95-1.1 939 .0895
ENC-4 . . 421 UNIF ORM .95-1.1 .985 .1196
ENC-5 . . 424 UNIF URM .95-1.08 915 .0843
ROSAL -2 20. 422 USINU «95-1.15 976 1118
RUSAL -4 20. 422 USINU «95-1.15 .933 .0843
ROSAL -7 . . 422 Cosu .98-1.05 .970 . 1043
ROSAL -8 26. 422 Cosu .98-1.03 .001 .0987

.984 0.0964

* Legend: NV Non-Vaned
MY = Mixing Vane
MG = Minimum Grad
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2.0 ENC DEPARTURE FROM NUCLEATE BUILING CORRELATION

The onset of boiling transition or DNB 1s chaiacterized by an abrupt
deciease 1n Lhe boiling heat transfer coefficient due to a change in heat
Lranster mechanisms. This 1s 1indicated by a temperature excursion of the

heating surface. The maximua heat flux attained before boiling transition 1s

called the critical heat Llux (CHF ) or departure from nucleate boiling (DNB).

For PWR operation, DNB heat flux 1s predicted using the XNB correlation
plus correctors for axial heat flux distribution and geometry.

2.1 XN8 CORRELATION

The XNB correlation 1s based upon subchanriel analysis of experi-
mental DNB data which was used to deteimine the effects of local enthalpy,
mass velocity, end pressure on DNB heat flux. The analysis of experimental

data resulled in the following empirical correlation:

WPRED = A + B * HLOC

whelrLe:

4.2 = REDUCED PRESSURE

,qLL;Y;Bo = REDUCED MASS VELOCITY
Ht HIN)/906.00 = REDUCED INLET SuBCOOL ING
PREDICTED CRITICAL HEAT FLUX IN MBTU/HR FT2
H/906.00 = REDUCED LOCAL ENTHALPY
1.0 MLB/HR FT12




NUN-UNIFORM AXIAL HEAT FLUX FACTOR

. (12
The flux shape factor F developed by Tong et al‘1“‘ provides, 1n

part, an estimate of the effect of non-uniform axial in the prediction of DNB

heal flux. This fector 1s:

q"(z) [eyEL-Q_\iC}xL-Z, ldz

CL] - BxPl=L lepig/d

local heat flux at
local quality at Z =

mass velocity at Z
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The predicted heat flux for a non-uniform axial 1is
QPREDNU = QPRED/FAXIAL

2.3 GEOMETRIC CORRECTORS

Comparison of data among sets which differed because of bundle

length, mixing vanes, or spacer pitch resulted in several multipliers modeling

these effects.

2.3.1 Spacer Pitch Factor

The spacer pitch corrector was estimated as a linear fit

among data from spacers with pitches ranging from 14.25 inches to 26.2 inches.

GAP 1s the spacer pitch in inches, and
SPC is the multiplier.

Therefore,

2.3.2 Mixing Vane Factor

The mixing vane factor is based upon the spacer pressure
drop. Exxon Nuclear ensures hydraulic compatibility with fuels designed by
other vendors by measuring pressure drop of full sized fuel bundles. Loss
coefficients for spacers are then determined from the pressure drop measure-

ments. The mixing vane factor is:
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Length Factor

Firnally, a length correction term was observed when

comparing all the data from all the bundles. This corrector is:

The estimate for predicted critical heat flux corrected

for non-uniform axial, spacer pitch, mixing vanes, and length becomes:

QPREDT = QPREDMV * CC.

PROCEDURE FOR USING T . XNB CORRELATION AND CORRECTION FACTORS TO
PREDICT DNB HEAT FLUX

The following steps are required to predict heat flux to reach
boiling transition (DNB) for a subchannel in a bundle with a non-uniform or

uniform axi1al heat distribution.




Calculate the local subchannel average cross section

values of coolant flow, enthalpy and piessuire at each axial node using

xLLbRA-lllL.‘1’ Appioptriate accounting for subchannel mixing in XCUBRA-IIIC

18 discussed in Section 3.4.1. At each axial node calculate the predicted
curatical heal flux using Equation (2.1).
b, The F factor 1s calculated using Equation (2 and 1s

N&w /

then modified by Equation (2.3). The non-uniform axial heat flux 1s predicted
by Equation (2.4).

c) Spacer pitch factor 13 calculated using Equation (2.5). The
predicted heat flux 1s calculated with Equation (2.6).

d) The mixing vane factor 1s cel'culated using tquation (2.7).
tquation (2.8) predicts heat flux,

The factor accounting for bundle length is calculated using
tqualion (2.9, and the predicted heat flux 18 represented by Equatlion (2.10).

The UNBR 1s determined as the ratio of predicted heat flux to
the 10d heat flux.

The minimum value cf DNBR whether calculated for a test or reactor
operalion eslablishes the DNB heat flux for the bundle operation condition
being analyzed. Ffor a test or experimental DNB condition, the predicted axial
local1ion of UNB delermined by the preceeding approach may not always coincide
with the location of the DNB detection thermocouple giving the first DNB
indicat 1on during the test., As XNB 1s able to predict critical heat flux
cutresponding Lo Lhe measured critical heat flux such that the MONBR 1

accepluable, the precise axial location wilhin the test has no importance.
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3.0 COMPARISON OF XNB AGAINST EXPERIMENTAL DNB DATA

Experimental DNB data are compared with predictions of DNB using

the XNB correlation. The sources of DNB data include:

)

/

The Exxon Nuclear DNB Test Programs\

0 Minimum grid data
Non-mixing vane grid data

0 Mixing vane grid data

C. Fighetti and D. Reddy{3}

o Non-mixing vane grid data for Combustion Engineering design

0 Mixing vane grid data of Westinghouse design

Rosal, et al<14)

o Non-mixing vane grid data

Mixing vane grid data

EXXON NUCLEAR PWR DNB TEST DATA

The Exxon Nuclear DNB test programs were conducted in the high
pressure heat transfer facility at the Chemical Engineering Research Labora-
tories of Columbia University.

8,3,6,7 used test assemblies of 5x5 arrays.

The test programs
Characteristics of these arrays along with operating test parameter ranges are

presented in Table 3.1.




Test Sections ENC-1 & 2

Two test sections, each with 25 rods of six foot length
and uniform axial and redial profiles are included in this analysis. The
characteristics of the test sections and range of experimental conditions are
shown on Table 3.1.

The distinction between the sections was the grid design.
ENC-1 used a simple support grid, referred to as a minimum grid because of the

minimum impact the grid has on the flow. ENC-2 used a non-mixing vane grid

prototypic of production grids. The rnd arrangements for the two designs are

shown as Figure 3.1, Figures 3.2 and 3.3 show locations of grid spacers while
a comparison of measured to predicted heat flux is illustrated on Figures 3.4
and 3.5. The mean value of DNBR was 1.029 with a standard deviation of 0.1186
for €NC-1 data and 0.983 with a standard deviation of 0.1084 for the ENC-2
data.

3.1.2 Test Sections ENT-3 & 4

Two test sections, each with 21 heated rods of six foot
length uniform axial and non-uniform radial profiles are included in this
analysis. The characteristics of the test sections and range of experimental
conditions are shown on Table 3.1. The mixing vane density was the distin-
quishing feature between the designs. ENC-4 used twice the number of mixing

vanes as ENC-3,
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The rod arrangements, grid locations, and comparison
of measured to predicted heat flux are shown on Figures 3.6 through 3.9. The
mean MONBR was 0.939 with a standard deviation of 0.0895 for ENC-3 and was
0.985 with a standard deviation of 0.1196 for ENC-4.

. P [ Test Section ENC-5

This test incorporated a mixing vane spacer design with a
26-1nch spacer pitch. The characteristics of the test section and range of
experimental conditions are shown on Table 3.1, The rod arrangement, grid
location, and the comparison of measured to predicted heat flux are shown on
Figures 3.10 through 3.12. The mean MDNBR was 0.915 with a standard deviation
of 0.843,

3.1.4 Test Section ENC-6

This section represented a configuration typical of a
17x17 array with 0.360 diemeter fuel. Twenty-four (24) heated rods and one
unheated ceramic simulated quide tube were tested. The outside diameter of
the heated rnds was constant while the inside diameter was tapered to achieve
a non-uniform axial heat flux,

Characteristics of the test section and experimental
conditions are shown on Table 3.1. Rod arrangement, grid location, thermo-
couple location, axial profile, and comparison between predicted and measured
heat flux are shown on Figures 3.13 through 3.16. The mean MDNBR was 0.995

with a standard deviation of 0.0749.




C. FIGHETTI AND D. REDDY DNB DATA

The experimental tests were conducted in the high pressure heat
transfer faciiity at the Columbia Engineering Research Leooratories of Colum-

bia University.

. (3)
The data reported by Fighetti and Reddy “’' 1includes results from

major nuclear fuel vendors throughout the world. Several sections seliected
for analysis below included test sections uc.ng prototypic spacers and geome-
try of Combustion Engineering fuel design and test sections with spacers and
geometry prototypic of Westinghouse fuel design.

3.2.1 Combustion Engineering DNB Test Data

Iwo test sections, each with 21 heated rods of 0.382 inch
diameter are included in this analysis. Characteristics of the test sections
and the experimental range of operating conditions are shown on Table 3,1,
One test section used a uniform axial while the other was a non-uniform
sinusoldal axial power profile. The rod arrangement for test section CE-47 is
shown 1n Figure 3.17 while that for CE-59 is shown in Figure 3.18. The
location of grid spacers (all non-mixing vane) and thermocouples are shown on
Figure 3.19 while the non-uniform axial profile for CE-59 is shown on Figure
3.20. Comparison of measured to predicted heat flux values are shown on
Figures 3.21 and 3.22 for CE-47 and CE-59, rescectively. The mean value of
the ratio of predicted to measured heat flux for CE-47 was 1.028 with a
standard deviation of 0.0741 while the mean for CE-59 was 1.023 with a stand-

ard deviation of 0.0820.




West inghouse DNB Test Data

Two test sections with 24 and 25 heated rods of 0.374 inch
diameter are shown in Figures 3.23 and 3.24. ihe spacer location and thermo-
couple locations are shown 1in Figure 3.25 while the non-uniform sinusoidal
axial profile is shown in Figure 3.26. Test section characteristics and
experimental range of conditions are shown in fable 3.1. XNB predicted the
critical heat flux over the range of conditions shown in Table 3.1. The mean
DNBR for WH-162 was 0.992 while its s.>ndard deviation is 0.0845. For test
section WH-164, the mean is 0.950 with a standard dev.ation of .067,. The
predicted heat flux to measured heat flux 1s 1llustrated in Figures 3.27 and

3.28 for WH-162 and WH-164, respectively.

3.3 ROSAL, ET AL TEST SECTIONS''%/

Four test sections of eight foot length are represented in this
analysis. Rosal-4 represents a section in which the grids have no mixing
vanes, Rosal-8 differs from Rosal-2 principally because of spacer pitch.
Test section characteristics and operation conditions are shown on Table 3.1.
Rod layout, grid location, and axial profiles are shown on Figures 3.29
through 3.31. Comparisons of measured to predicted heat flux 1s shown on
Figures 3.32 through 3.35. Mean DNBR's were 0.976, 0.933, 0.970, 1.001 with
standard deviation of 0.1118, 0.1043, 0.0987 for sectiors Rosal-2, Rosal-4,

Rosal-7, and Rosal-8, respectively.
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3.4 ISCUSSION AND CONCLUSIONS OF ANALYSIS OF DNB TEST DATA

The method to predict DNB heat flux described in Section 2.0 was
used i1n the analysis of Lhe data discussed i1n 5Section 3.0. The DNB prediction
used a subchannel code to evaluate local flow conditions which are required as
input to the Etquations (2.1) through (2.10). These equations correspond to
the XNB correlation plus corrections for effects of non-uniform axial power
distiibution and geometric parameters. Table 3.2 summarizes key statistical
resulls for each section and overall.

3.4.1 Subchannel Mixing

Grid spacers promote subchannel mixing which reduces
subchannel to subchannel enthalph gradients and tends to sweep vapor layers
ftom the rod surface. This increases the DNB heat flux for a given setL of
fluid conditions.

Depending on grid design, subchannel mixing can be 8
combination of forced diversion mixing and turbulent mixing. In (he analysis

of the data presented in Lhis document, the calculation of mi«ing included

flow diversion mixing (due Lo subchannel stalic pressure differences caused by

gurid specer pressure losses, and turbulent mixing. Forced diversion mixing
was nol included 1in the analysis. All subchannels of a given test section

»d Lhe same gi11d spacer loss coefficient which corresponded to experimental-
ly determined loss coefficienls on grid spacers similar to those used 1in the

mixing parameters used i 12 analysis of the DNB data
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basic tutbulent mixing equation 1s.

where: turbulent mixing parametel
rod-Lu-10d spacing
subchannel hydraulic diameter
subchannel mass velocity

turbulent cross flow

: - 9
These values of Bs/D are based on experimental data'"’ from a variety of fuel

designa; Reference (Y, verifies (he above mixing relations to these data.




Test Section

Summary of

Conditions

ENC-5

Healed Lengti. (fL)

Axial Hesl Flux Distribution
Hadial Power Lislriibulion
Lrid Design

Hydraulic Uiameler, Nominal
hannel, inch

Rod 0.D., inch

Grid Spacing, 1nch

.
KLUSO**

6
UNIF ORM
UN IF URM
MG

Kange of Experimental Parameters

FressuiLe, psia

L'i&L‘l

Temperature, °F

Inlet Avg. Mass Velocily,
Mio/hi=-fL2

Number of Data Points

1500-2160

460-620

1.0-2.56

28

* Mixing vane qgiL10s were on

aimple support 3! 1dS wele

nalfwa

22-1nch patch.

UNIFORM
UNIFORM
NV

1500-2155
470-620

1.00-2.53
24

between MV Qi 1d:

» I

UNIFORM
.95-1.10
MV

1500-2260
420-630

1.0-2,77
73

6
UNIF ORM
.95-1.10

9e3
UNIFORM
.95-1.08

1745-2265
400-620




mary of

Test Conditions

CE-47

WH- ,1()'-4

Heated Length (ft

CoSu
.97-1.10
Uesign MV

Axial Heal Flux Distribution

Hadiali Puwer Distribut. —n

wl id

Hydiaulic Diameler , Nominal

1nch g.5>101

Chamnel ,

Kod U.D., 10Ch U.360

pacing, inch 20.56

Range of Experimental Parameters

Plessure, psia

Temperature, °F

1 )
iniel

Inlel

Avg. Mass Velocity,
Lb/hr-tLY

M

Numbet of Dala Poinls

4

vane gtids were on

supporl g1 1ds were

halfway between MY

12.5
UNIFORM Ccosu
97-1.14 .96-1.20

NV NV

1395-2405

362-631

1495-2415
333-626

0.9-4.0

0.9-4.0

96 89

22-1nch pitch.,

gQr1das.

14

Cosu
«95-1.10
MV

0.4635 0.4635
0.374

2.0/11.0*

1500-2425

429-610

1500-24¢5
384-606

0.9-3.1

[

)
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Summary of Test Conditior

o

Rosal -4 Rosal-8

Hea'ed Lengilh (ft) 8 14
Axial Heal Flux Distribution U SINE U CoZu
Radial Power Dustribution
No. Inner Rods - % Powel 4-100% 4-100% 4-100%

No. Uuler Rods - % Powel 12-83.1% : 12-83%

Gir1d Desagn grids w/My W/ gr:ds w/o MV grids w/MV

Hydraulic Diameter, Nominal

Channel, inch 0.507 : 0.507
Rod U.D., inch 0.422 0.422
Grid Spacing, inch 20* 26*

KLOSS

Range of btxperimental Paramelers

Flressuire, psia 1504-2410 1491-2105 1492-2148 1490-2432
' or o p—— ’ g
lnlel Temperalure, 'F 466-627 479-580 481.5-603 478-626
inlel Avg. Mass Velocily,

2.02-3.58

28

Delween indicaled griad spacer.




Statistical Summary

Testl Section Numbel Standard Deviation

Cb-47 0.0741
CE-59 0.0820
WH-64 ’ 0.0677
WH-62 ' 0.0845
ENC-6 2 0.0749
RUSAL -2 0.1118
RUSAL -4 : 0.0843
ROSAL -7 . 0.1043
ROSAL -8 2 : 0.0987
ENC-1 . 0.1186
ENC-2 24 . 0.1084
ENC-3 73 . 0.0895
ENC-4 ) . 0.1196

ENC-5 3 0. 0.0843

TUTAL 0. 0.0964
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Location. Distances From End of Heated

Length.
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STATISTICAL EVALUATIUN

IThe experimental data were used to delermine the departure from nucleate

ing tatio cuitetrion, u, which satisfies the following statistical state-
With 95% confidence, at least 95% of the population of DNBR are less

18 referred to as a 95/95 Loletance statement.

Lalculational steps for computing u are outlined below. From the esti-

the individual test sections an

mates of means and standard deviations for

estimate of the overali mean (a weighted average)* and the overall standard

devialion, ‘I‘ are gdetermined. Iwo variance components are calculated:

"
The within Lest section variance,®

The belween test section variance,? 3

ihe Ltolevance interval 18 constiucted by metlhods qQiven Dy Welissbetrq and

The interval requires knowledge of Lhe uegiees of freedom assocl-

“,, and the effeclLive sample size, N, for the esti-

the weighted average.

Ihe degrees of freedom for Jp are found by Satterthwaite'
396. Live sample size, N 1s the number of

n( n to 11ve

al random from the populatio

a variance o .00010586, wnich 1s the variance o

18 found by solving:

numbel

based on the
sizes of the wvarian

seclions,




. 00010586

imit for u 18 then derived from

where K 18 gaven in Reference 13. Therefoie, the tolerance statement becomes:

With 95% confidence at least 95% of the DNBR (predicted to measured DNB heat

flux) values are less than 1.16 for ell the data analyzed.
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SIMMARY FOR TEST SECTINN

INLET LOCAL HEAT FLUX
PRE SSU MASS FLUX SUBCOOLING  ENTHALPY MEASURED PREDICTED
MLB/HRF T2 BTU/LBM BTU/LBM  MBTU/HRFT2 MBTU/HRF T2




INLET LOCAL HEAT FLUX
MASS FLUX SUBCOOL ING ENTHALPY MEASURED PREDICT
MLB/HRF T2 BTU/LBM BTU/LBM MBTU/HRFT2 MBTU




DATA SUMMARY FOR TEST SECTION

INLET LOCAL HEAT FLUX
PRF SSURE MASS FLUX SUBCOOL ING ENTHALPY MEASURED PREDICTED
PSIA MLB/HRF T2 BTU/LBM BTU/LBM MBTU/HRFT2 MBTU/HRFT2Z MONSBR

1.199
1.158
1.062
1.024
1.013
0.952
0.975
0.994
1.116
0.979
0.939
0.912
1.067
1.027
1.000
0.946
0.971
0.987
0.945
0.963
1.020
1.029
0.975
1.016
0.923
0.889
0.877
0.808
0.992
0.919
0.808
0.803
0.893
0.856

N R1

0.863
0.834
0.895

-~

0.867
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DATA SUMMARY FOR TEST SECTION -

INLET LOCAL HEAT
PRESSURE MASS FLUX SUBCOOL ING ENTHAL PY ME ASURED

ICTA

PSIA MLB/HKF T2 8TU/LBM BTU/LBM M3TU/HRF T2
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DATA SUMMARY FOR TEST SECTION

INLET LOCAL HEAT FLUX
PRESSURE MASS FLUX SUBCOOL ING ENTHALPY MEASURED PREDICTED
PSIA MLB/HRF T2 BTU/LBM BTU/LBM  MBTU/HRFT2 MBTU/HRFT2
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DATA SUMMARY FOR TEST SECTION - ENC-4

INLET LOCAL HEAT FLUX
PRESSURE MASS FLUX SUBCOOL ING ENTHALPY MEASURED PREDICTED
PSIA MLB/HRF T2 BTU/LBM BTU/LBM MBETU/HRFT2 MBTU/HRFT2 MDMNBR




DATA SUMMARY FOR TEST SECTION - ENC-5

INLET LOCAL HEAT FLUX
PRESSURE MASS FLUX SUBCOOL ING ENTHALPY MEASURED PREDICITED
MLB/HRFT2 BTJU/LBM 8TU/LBM MBTU/HRFT2 MBTU/HRFT2

(s o}
RN ™ i *
0N 0 &

OO0 0
+ 0 ® O
on

D) -
® o -

64
66
46




PRESSURE
PSIA

A-8 XN-NF -621 _

DATA SUMMARY FOR TEST SECTION - ENC-5

INLET LOu. . HEAT FLUX
MASS FLUX SUBCOOL ING ENTHALPY MEASURED PREDICTED
MLB/HRF T2 BTU/LBM BTU/LBM MBTU/HRFT2 MBTU/HRFT2

W - N Y

OOVOUVVIOYVYVD$TOoOOWwYY
1 VVoOoOoONJDODNOODOWm

WOOwWwWOoOWwmEE

OO0 0000000 --=-00
O
0O

0.976
0.956
0.885
0.864
0.86C
0.874




DATA SUMMARY FOR TEST SECTION

INLET LOCAL HEAT FLUX
PRESSURE MASS FLUX SUBCOOL ING ENTHALPY MEASURED PREDICTE
PSIA MLB/HRFT2 BTU/LBM BTU/LBM MBTU/HRFT2 MBTU




DATA SUMMARY FOR TEST SECTION -~ ENC-6

INLET LOCAL HEAT FLUX
PRESSURE MASS FLUX SUBCOOL ING ENTHALPY MEASURED PREDICTED
MLB/HRFT2 BTU/LBM BTU/LBM MBTU/HRFT2 MBTU/HRFT2




JU AL HEAT FLUX
PRESSURE MASS FLUX SUBCOOL ING ENTHALPY MEASURED PREDICTED
PSIA MLB/HRFT2  BTU/LBM BTU/LBM  MBTU/HRFT2 MBTU/HRF T2
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DATA SUMMARY FOR TEST SECTION - ROSAL-4

INLET L AL HEAT FLUX
MASS FLUX SUBCOOL ING ENTHALPY MEASURED PREDICTED
MLB/HRFT2 BTU/LBM BTU/LBM MBTU/HRFT2 MBTU/HRFT2
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SUMMARY FOR TEST SECTION

1
L AU

HEAT FLUX
MASS FLUX ( I PY MEASURED PREDICTED

LULL T LV

s = ; i Py T
MLB/HRF T2 BTU/I BTU/LS MBTU/HRFT2 MBTU/HRFT2
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DATA SUMMARY FOR TEST SECTICN

LOCAL HEAT FLUX
MASS FLUX OL] ENTHALPY ME ASURED PREDICTED
MLB/HRF T2 J/LBI BTU/LEM  MBTU/HRFT2 MBTU/HRFT2
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DATA SUMMARY FOR TEST

INLET LOCAL HEAT FLUX
PRESSURE MASS FLUX SUBCOOLING  ENTHALPY MEASURED PREDICTED
T

Ui
MLB/HRF T2 BTU/LBM BTU/LBM MBTU/HRFT2 MBTU/HRFT2
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c-5 XN-NF-621 (NP)(A)
Revision 1

DATA SIMMARY FOR TEST SECTION - C(F-59

INLET LOCAL HEAT FLUX
PRESSURE  MASS FLUX  SUBCOOLING  ENTHALPY MEASURED PREDICTED
CASE PSIA MLB/ RF T2 BTU/LBM BTU/LBM  MBTU/WRriz MBTU/HRFT2 MDNBR

-~

0.842
1.037
0.957
0.987
G.975
0.978
0.992
0.970
1.164
1.136
1.006
1.034
0.97M
1.007
1.121
1.113
1.195
0.899
0.876
0.914
1.041
1.077
0.978
0.789
1.037
0.973
0.892
0.932
1.200
1.046
1.017
1.049
1.020
1.127
1.021
0.903
1.109
1.098
1.055
0.994



DATA SUMMARY FOR TEST SECTION

INLET LOCAL HEAT Fl
MASS FLUX SUBCOCLING  ENTHALPY MEASURED
MLB/HRF T2 BTU/LBM TU/LBM  MBTU/HRFT2 : 2 MDABR
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DATA SUMMARY FOUR TEST SECTION -~ WH-162

INLET LOCAL HEAT FLUX
PRESSURE MASS FLUX SUBCOOL ING ENTHALPY MEASURED PREDICTED
PSIA MLB/HRF T2 BTU/LEM MBTU/HRFT2 MBTU/HRFT2

OO0 -0

.

0.
g.
0
0
a.
0.
0
1
0
0
1.
C
0
0.
0.
0.
1
0.
1.0
2
1.
0.
0.

D O




DATA SUMMARY FOR TEST

SECTION

LOCAL
ENTHALPY
BTU/LBM

QI

LA
A - JFT
E ASURED

MBTU/HRFT2

.
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.
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OO N D
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o

W oW

1.10
G.789




DATA SUMMARY FOR TEST SECTION -

INLET LOCAL HEAT FLUX
PRESSURE MASS FLUX SUBCOOL ING ENTHALPY MEASURED PREDICTED

MLB/HRFT2 BTU/LBM BTU/LBM MBTU/HRFT2 MBTU/HRFT2

0.
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0.5

- 00

o000

OO0 0000
2 E 16 8 B P e
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PRESSURE

DATA SIMMARY FOR TES

MASS FLUX
MLEB/HRF T2

INLET
SUBCOOL ING
BTU/LBM

XN-NF =621 (1

ey r

SECTION

LOCAL HEAT FLUX
ENTHALPY MEASURED PREDICTE
BTU/LBM  MBTU/HRFT2 MBTU/H

MDNBR

-

Q.
g.

0.
.009

1

1
|

046
905
981
949

nnN?

s UL

« TRS

. 105

1
1
1

.057
0N
.050

.021
0.869
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