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NOTICE

This report was prepared as an account of work sponsored by an ancncy of the Umted States
Government. Neither the United States Government nor any agency thereot, or any of their
employees, makes any warranty, expressed or implied, or assumes any legal habihty of re-
sponsibility for any third party's use, or the results of such use, of any information, apparatus,
product or process disclosed in this report, or represents that its use by such third party would
not infringe privately owned rights.

Availability of Reference Materials Cited in NRC Publications

Most documents cited in NRC publications will be available from one of the following sources:

1. The NRC Public Document Room,1717 H Street, N.W.
Washington, DC 20555

2. The NRC/GPO Sales Program, U.S. Nuclear Regulatory Commission,
Washington, DC 20555

3. The National Technical Information Service, Springfield, VA 22161

Although the listing that follows represents the majority of documents cited in NRC publications,
it is not intended to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC Public Docu-
4 ment Room include NRC correspondence and iriternal NRC memoranda: NRC Office of Inspection

and Enforcement bulletins, circulars, information notices, inspection and investigation notices;
Licensee Event Reports; vendor reports and correspondence; Commission papers; and applicant and
licensee documents and correspondence.

The following documents in the NUREG series are available for purchase from the NRC/GPO Sales
,

Program: formal NRC staff and contractor reports, NRC-sponsored conference proceedings, and '

NRC booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code of
Federal Regulations, and Nuclear Regul,etory Commission issuancas.

Documents available from the National Technical information Service include NUREG series
i reports and technical reports prepared by other federal agencies and repor ts prepared by the Atomic

| Energy Commission, forerunner agency to the Nuclear Regulatory Commission.

Documents available from public and special technical libraries include all open hterature items,
such as books, journal and periodical articles, and transactions. federal Register notices, federal and

*

state legislation, and congressional reports can usually be obtained from these libraries.

Documents such as theses, dissertations, foreign reports and translations,and non-NRC conference
proceedings are available for purchase from the organization sponsoring the publication cited.

Single copies of NRC draft reports are available free upon written request to the Division of Tech-
nical Information and Document Control, U.S. Nuclear Regulatory Comrnission, Washington, DC
20555.

Copies of industry codes and standards used in a substantive manner in the NRC regulatory process
are maintained at the NRC Library, 7920 Norfolk Avenue, Bethesda, Maryland, and are available
there for reference use by the public. Codes and standards are usually copyrighted and may be
purchased from the originating organization or, if they are American National Standards, from the
American Na*ional Standards institute,1430 Broadway, New York, NY 10018.
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ABSTRACT

The phenomenon of multiple CHF events in rod bundle heat transfer tests,
referring to the occurrence of CHF on more than one rod or at more than
one location on one rod is examined. The adequacy of some of the

subchannel CHF correlations presently used in the nuclear. industry in
predicting higher order CHF events is ascertained based on local coolant
conditions obtained with the COBRA IIIC subchannel code. The rod bundle
CHF data obtained at the Heat Transfer Research Facility of Columbia
University are examined for multiple CHF events using a combination of
statistical analyses and parametric studies. The above analyses are
applied to the study $f three data sets of tests simulating both PWR and
BWR reactor cores with uniform and non-uniform axial heat flux
distributions. The CHF correlations employed in this study include: 1)
CE-1 correlation, 2) B&W-2 correlation, 3) W-3 correlation, and 4)

~

Columbia correlation. Examination of the results of this study indicate
that: 1) the characteristic behavior of the higher rank CHF are
essentially the same as those of the first CHF; and 2) the presently
available subchannel- CHF correlations are adequate in the prediction of
CHF events of higher rank. These correlations predicted the CHF events
of higher rank with the same degree of accuracy as the first CHF. The
above conclusions are valid for rod bundle CHF tests under normal steady

state conditions. Multiple CHF events occurring in steady state

conditions designed with rod bundle abnormalities, such as bowed rods
and axial heat flux spikes, occasionally encountered in the operation of
nuclear reactors, are not addressed in this report. It is recommended
that studies be conducted to ascertain predictability of multiple CHF
events observed during abnormal rod bundle heat transfer tests, using
CHF correlations based on local coolant conditions,

iii
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NOMENCLATURE

De Equivalent diameter=

f Single phase friction factor=

F &F Cold wall correction factors=
A C

gC Newton constant=

2Mass flux (M lbs/hr-ft )G =

h
yg Latent heat of vaporization=
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Number of spacer gridsn =

N Number of points=

Pr Reduced pressure (P/Pcritical}=

q" 2Critical heat flux (M Btu /hr-ft )=
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R Average ratio=
ay

Re Reynold's number=

i RMS Root mean square error=
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V Specific volume=

X Quality=

Greek Letters

Void fractiona =

Densityp =

+gg Two-phase friction multiplier=
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NOMENCLATURE

Subscripts

Calculatedc =

Frictionf
*

Vapor9 =

Grid9 =

Inletin =

Localt =

Liquidt =

Totalt =
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Chapter 1

INTRODUCTION
'

~

Boiling crisis ~ is characterized by a sudden drop.'in the' boiling heat
transfer coefficient due to the change of heat transfer mechanism as
indicated by a temperature excursion of the heating surface. The maximum
heat flux just before the boiling crisis is called the Critical Heat
Flux (CHF). The operative definition of CHF is "that condition in which

.

a small increase in heat flux or inlet fluid temperature or a small

[ decrease in inlet mass flow causes an inordinate deterioration of heat
transfer in the system".

The CHF problem has been studied particularly during the last 20 years,
especially to aid in the deve'opment of nuclear reactors, . since the
design criteria' for nuclear reactors specify that they must operate at a
certain percentage below the CHF at all times and locations in order to
maintain the cladding temperature of the fuel elements at safe values.
Therefore, CHF _ limits the maximum power extractable from nuclear
reactors. For this reason and also because of the commercial interest in
increasing reactor power (compatible with reactor safety) as much as
possible, the CHF problem is a continuous subject of theoretical and
exper'imental studies.

Because of the complexity of the CHF phenomenon in fuel rod array
geometry and lack of dependable and fully verified analytical methods
for the prediction of CHF, the knowledge of the rod array CHF is almost
entirely based on experimental data and the general state-of-the-art of
predicting CHF is substantially of an empirical nature. The

;

technological advances of the past few year. now permit experiments to;.

1 -1
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be performed on large test sections, even simulating the fuel elements
of nuclear reactor cores on a full scale. For design purposes,
representative experiments are performed on large scale electrically
heated models of specific types of fuel elements and empirical
correlations are developed based on experimental data for those specific
types of bundles. These new data allow assessment of old correlations
and calculat;cn methods.

The Columbia University Heat Transfer Research Facility has performed
much of the CHF testing for reactor vendors such as Westinghouse,
Combustion Engineering, General Electric, and others; and obtained over
14,000 CHF data points. An examination of these data reveal that a

significant portion of these data involve the occurrence of CHF on more

than one rod or at more than one location on one rod. These data have
never been systematically studied for the understanding of multiple CHF
events on a local conditions basis. A study of multiple CHF events is
important for the following reasons Q):

1. The occurrence of multiple CHF events on the same rod and the
axial extent of CHF could significantly influence post-CHF
behavior such as the ability to quench the fuel rods.
Information on multiple CHF events on the same rod is
important for the prediction of the fuel rod behavior.

2. Some reactor vendors have accident criteria on cl ad
temperatures. For ex ample, Westinghouse has a 2700*F
criteria for the locked-rotor accident. The calculated clad
temperature could be somewhat affected by the occurrence of
CHF at more than one location on the same fuel rod. As more
information on post-CHF fuel behavior becomes available, it
is likely that licensees and license applicants will submit
applications in support of a change in this criterion to a
more realistic fuel damage criterion based on fuel
temperature and perhaps fuel internal pressure. If this
occurs, a better understanding of multiple CHF events and
post-CHF behavior will be needed by the Nu, lear Regulatory
Commission (NRC) staff in support of the review of those
applications.

3. Multiple CHF events on different fuel rods are of potential
safety significance since the calculation of CHF on one fuel
rod might imply degraded heat transfer and the potential clad
failure of a number of fuel rods.

1-2
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Based on the above statements, it can be cencluded that multiple CP.F

events can be of importance for the prediction of fuel rod behavior and,
therefore, of potential safety significance in the future licensing of

light water reactors.

The objective of this study is to obtain local conditions for multiple

CHF events using the COBRA IIIC subchannel code and assess the adequacy

of existing CHF correlations based on local conditions (particularly
those being used in reactor licensing) in predicting multiple CHF

occurrences.

This study consists of the following subtasks:

1. Determine local conditions in the rod bundles using the COBRA
IIIC code when multiple CHF events are observed. Three data
sets are analyzed:

a. BWR Uniform Axial Heat Flux Data

b. PWR Unifirm Axial Heat Flux Data

c. PWR Non-Uniform Axial Heat Flux Data

2. Compare the predictability of higher order CHF events with
first CHF using existing CHF correlations based on local
conditions.

1-3
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Chapter 2

BACKGROUND

The evaluation of the thermal hydraulic performance of the reactor core
is an important factor in the safety analysis of water-cooled nuclear
reactors. These nuclear reactors use fuel assemblies composed of bundles
of nuclear fuel rods. From a heat transfer point of view the critical
heat flux of a rod bundle at its design conditions is its limiting

parameter. Therefore, the continued safe growth of nuclear power
requires improved knowlege of the CHF limits of the rod bundle fuel
assembl ies.

For design purposes, representative heat transfer tests to investigate
CHF are performed in rod bundle test facilities, in which a large scale
array of electrically heated rods, simul ating specific types of rod
bundle fuel assemblies, are installed in a vertical pressure housing
with the loop water flowing through the rod assemblies.

The Columbia University Heat Transfer Research Facility has carried out.-
CHF tests and collect ed over 14,000 data points from about 260 test
sections. This is by far the largest data bank of this type in the
world. These data were obtained for Combustion Engineering, Westinghouse
Electric, General Electric, Exxon Nuclear, Babcock & Wilcox, Idaho
National Engineering Laboratories for the LOFT program, and United
Nuclear Corporation. In addition to the tests for these US sponsors,

CHF data were also obtained for the British, Canadian, Japanese, and
German reactor designers. Thus, the Heat Transfer Research Facility has

attained world wide reccgnition as one of the principal sources of CHF
-data in the world. Most of these rod bundle CHF data are proprietary

information and so far remain unpublished.

2-1
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The heat transfer tests pe. formed at the Heat Transfer Research Facility
covered a wide range of test section geometries with square pitch rod
bundles for both Pressurized Water Reactor (PWR) and Boiling Water
Reactor (BWR) designs, and triangular pitch rod bundles for the United
Kingdom Atomic Energy Authority (UKAEA) and the Atomic Energy of Canada
Limited (AECL) Heavy Water Reactors (HWR), with heated lengths form 30
inches to 168 inches, and uniform and non-uniform axial and radial heat
flux distributions. Parameter ranges for the CHF data are: pressures

2from 200 to 2500 psia, mass velocities from 0.04 to 4.5 M.lbs/hr-ft ,
exit qualities from -25% to +75%, and inlet subcooling of up to 640

Btu /lb.

There are two major thermal hydraulic facilities for CHF testing at the
Heat Transfer Research Facility. They are known as the Medium Pressure
and the High Pressure Heat Transfer Loops. The Medium Pressure Loop is
rated to 2400 psia and 640*F with a maximum flow rate of 550 gpm. The
High Pressure Loop is rated to 3500 psia and 700*F, except for the
present pumps, which are rated at 2500 psia and 650*F, with a maximum
flow rate of 450 gpm.

Flow was maintained by a centrifugal pump in the Medium Pressure Loop
and by a set of four canned rotor pumps in the High Pressure Loop. A

throttle valve located upstream of the test secti,on automatically
controlled the flow, and also maintained its stability during the tests.
A turbine flow meter, a calibrated platinum resistance thermometer (RTD);

| and thermocouples located at the inlet of the test section measured flow
and temperature, and a large scale Bourdon pressure gauge and

transducers monitored the outlet pressure. All of these measurements
'

were recorded continuously during the tests.

Heating of the test sections was provided by six motor generator sets
operatad in parallel for a maximum DC output of 50,000 amps at 230 volts
(i.e.,11.5 megawatts). Heat rejection in both loops was accomplished by

| shell-and-tube heat exchangers with constant temperature water as the
cool ant . A detailed description of the power system is provided in

| Reference 2.
!
|
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Each of the test sections had a different configuration, but all the
tests were performed in the same fashion. The tests section outlet
pressure, inlet temperature and mass flow rate were established end
maintained constant. The total power to the test section was then
increased in small increments and the loop brought to the corresponding
equilibrium conditions each time. This process was continued until a
temperature ~ excursion was observed to start in one or more of the rods
in the bundle. The temperature increase varied depending on system
conditions, from a minimum of 10*F to 100*F or more. When the indication
was judged to be sufficient to have established the presence of CHF, the
power to the test section was reduced and the test conditions prior to
the temperature excursion were recorded both manually and by a computer-
controlled data acquisition system.

A comprehensive documentation of the test section geometric

characteristics and test conditions together with the location and the
order of occurrence of CHF for data points obtained at the Heat transfer
Research Facility, and compiled under an EPRI research program, are

described in Reference 3.

An examination of these records reveal that many CHF test involve the

occurrence of CHF on more than one rod or at more than one location on
one rod. The multiple CHF events can be of importance for the prediction

of the fuel rod behavior and, therefore, of potential safety

significance in the future licensing of nuclear reactors.

2-3
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Chapter 3

CHF DATA

A total of 2,671 CHF data points from 51 test sections were analyzed.
These data were extracted from a data bank containing 11,077 CHF points
ootained from 235 different test sections that was compiled under a

research program sponsored by the Electric Power Research Institute
(EPRI). The test section geometry figures and the test conditions
together with the location and order of occurrence of CHF for all the
data can be found in Reference 4. From this data base, three sets of

data were analysed:

1. BWR type with uniform axial heat flux distribution

2. PWR type with uniform axial heat flux distribution

3. PWR type with non-uniforn axial heat flux distribution

The first group consists of 18 test sections containing 762 CHF data
points. These data were obtained for General Electric Company and the
geometric characteristics are summarized in Table 3-1. The.second group
is the data obtained for Combustion Engineering consisting of 15 test
sections with 931 CHF data points. The geometric characteristics for
these PWR data are shown in Table 3-2. The third group is data obtained
from test sections having non-unifrom axial heat flux distribution; it
contains 18 test sections with a total of 978 CHF data points obtained

for Combustion Engineering and Westinghouse Electric Corporation and the
geometric characteristics are shown in Table 3-3. Also, the range of
test parameters (i.e., exit pressure, inlet subcooling enthalpy, mass

i velocity, and average heat flux) for these data sets are given in Tables-
3-4, 3-5, and 3-6 respectively.

!

,

'
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Figures 3-1 through 3-8 show the lateral geometry of the rod bundles
being referenced by Tables 3-1, 3-2, and 3-3. Figures 3-9, 3-10, and 3-
11 show the axial heat flux profiles of the non-uniform axial test

sections being refereced by Table 3-3. Detailed geometry parameters for

all 51 test sections and the test conditions for one test section for
each of the three groups are given in the Appendices A and B.

An explanation of the comments in Tables 3-1, 3-2, and 3-3 are given
below,

a. The two digit code specifies the test sponsor. The
three digit code that follows describes the reactor
type.

b. Total number of grids,

c. Grid loss coefficient calculated based on isothermal
flow measurements.

d. Grid spacing for spacers of the same type,

e. Axial heat fl ux profile as described in Figures 3-9
through 3-11.

3-2
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TABLE 3-1. COMPILATION OF TEST SECTION GElMETRY PARAMETERS FOR BWR TYPE GE0 METRY

TEST SPONSOR TOTAL N0. -R00 R0D UNHT'D TEST N0. GRID GRID RADIAL RADIAL AXIAL
NO. GE0 METRY N0. OF PITCH DIAM. R0D SECT. OF LOSS SPAC. PEAK FIG. CURVE

oc.. - TYPE OF HT'D DIAM. LENGTH GRIOS COEF. (IN.) FACTOR NO. NO.
(a) PTS. RODS (IN.) (IN.) (IN.) (IN.) (b) (c) (d) (e)

301. GE-BWR 54. 16. .738 .563 .000 72.0 7. .800 9.50 1.018 3-1 -

302. GE-BWR 48. 16. .738 .563 .000 72.0 4. 1.470 9.50 1.015 3-1 -4

303. GE-BWR 26. 16 .738 .563 .000 72.0 3. 1.470 19.50 1.016 3-1 -

305. GE-BWR 4. 16. .738 .563 .000 72.0 3. 1.470 19.50 1.263 3-1 -

306. GE-BWR 48. 16. .738 .563 .000 72.0 3. 1.470 19.50 1.000 3-1 -

307. GE-BWR 17. 16. .738 .563 .000 48.0 2. 1.470 19.50 1.000 3-1 -

307.1 GE-BWR 5. 16. .738 .563 .000 48.0 2. 1.470 19.50 1.000 3-1 -

$ 308. GE-BWR 31. 16. .738 .563 .000 72.0 3. 1.470 19.50 1.210 3-1 -

309. GE-BWR 40. 16. .738 .563 .000 72.0 3. 1.470 19.50 1.210 3-1 -

310. GE-BWR 30. 16. .738 .563 .000 72.0 3. 1.470 19.50 1.610 3-1 -

311. GE-BWR 59. 16. .738 .563 .000 72.0 3. 1.470 19.50 1.000 3-1 -

312. GE-BWR 55. 16. .738 .563 .000 72.0 3. 1.470 19.',0 1.271 3-1 -

313. GE-BWR 60. 16. .738 .563 .000 72.0 7. .800 9.50 1.019 3-1 -

314. GE-BWR 34. 16. .738 .563 .000 72.0 3. 1.470 19.50 1.285 3-1 -

315. GE-BWR 70. 16. .738 .563 .000 72.0 3. 1.470 19.50 1.018 3-1 -

316. GE-BWR 65. 16. .738 .563 .000 72.0 3. 1.470 19.50 1.018 3-1 -

316.1 GE-BWR 44. 16. .738 .563 .000 72.0 3. 1.470 19.50 1.018 3-1 -

318. GE-BWR 72. 16. .738 .563 .000 72.0 3. 1.470 19.50 1.232 3 -1 -
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TABLE 3-2. COMPILATION OF TEST SECTION GE0 METRY PARAMETERS FOR PWR TYPE GE0 METRY

TEST SPONSOR TOTAL NO. R00 R0D UNHT'D TEST NO. GRID GRID RADIAL RADIAL . AXIAL
NO. GE0 METRY NO. OF PITCH DIAM. ROD SECT. OF LOSS SPAC. PEAK FIG. CURVE

TYPE OF HT'D DIAM. LENGTH GRIDS COEF. (IN.) FACTOR NO. NO.

(a) PTS. RODS (IN.) (IN.)_ (IN.) (IN.) (b) (c) (d) (e).

13. CE-PWR 111. 25. .580 .440 .000 84.0 5. .815 16.00 1.134 3-2 -

14. CE-PWR 10. 25. .580 .440 .000 84.0 5. .815 16.00 1.134 3-2 -

16. CE-PWR 56. 21. .580 .440 1.135 84.0 5. .884 16.00 1.124 3-3 -

17. CE-PWR 57, 21. .580 .440 1.135 84.0 4. .815 19.00 1.133 3-3 -

18. CE-PWR 72. 21. .580 .440 1.135 48.0 3. .815 16.00 1.095 3-3 -

19. CE-PWR 53. 21. .580 .440 1.135 84.0 4. .815 19.00 1.132 3-3 -

20. CE-PWR 68. 21. .580 .440 1.135 84.0 5. .815 16.00 1.132 3-3 -

5 22. CE-PWR 61. 21. .580 .440 1.135 84.0 5. 1.085 16.00 1.012 3-3 -

23. CE-PWR 53. 21. .580 .440 1.135 84.0 10. 1.029 8.00 1.012 3-3 -

24. CE-PWR 62. 21. .580 .440 1.115 84.0 4. .815 18.25 1.153 3-4- -

25. CE-PWR 65. 21. .580 .440 1.115 84.0 4. 1.086 18.25- 1.152 3-4 -

26. CE-PWR 54. 21. .580 .440 1.115 84.0 5. .815 18.25 1.166 3-4 -

27. CE-PWR 55. 21. .580 .440 1.115 84.0 4. 1.053 18.25 1.152 3-4 -

28. CE-PWR' 55. 21. .580 .440 1.115 84.0 4. .815 18.25 1.023 3-4 -

29. 66-PWR 59. 21. .580 .440 1.115 84.0 10. .815 8.00 1.020 3-4 -

|

.
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i TABLE 3-3. COMPILATION OF TEST SECTION GE0 METRY PARAMETERS FOR PWR TYPE GE0 METRY

TEST SPONSOR TOTAL NO. R0D R0D UNHT'D TEST NO. GRID GRID RADIAL RADIAL AXIAL'

NO. GE0 METRY N0. OF PITCH DIAM. R00 SECT. OF LOSS SPAC. PEAK FIG. CURVE

TYPE OF HT'D DIAM. LENGTH GRIDS COEF. (IN.) FACTOR N0. NO.

(a) PTS. RODS (IN.) (IN.) (IN.) (IN.) (b) (c) (d) (e)

59. CE-PWR 89. 21. .506 .382 .980 150,0 11. 1.083 14.20 1.199 3-5 A-

60. CE-PWR 79. 21. .580 .440 1.115 150.0 9. 1.430 14.40 1.201 3-4 B
;

66. CE-PWR 93. 21. .506 .382 .980 150.0 11. 1.083 14.20 1.073 3-5 B

68. CE-PWR 95. 21. .506 .382 .980 150.0 11. 1.430 14.20 1.199 3-5 A

71. CE-PWR 87. 21. .506 .382 .980 150.0 11. 1.430 14.20 1.073 3-5 C

108. WH-PWR 29. 16. .555 .422 .000 96.0 9. 1.200 20.00 - 1.145 3-6 0

109. WH-PWR 33. 9. .658 .500 .000 168.0 17. 1.200 20.00 1.000 3-7 E

$n 110. WH-PWR 23. 16. .555 .422 .000 96.0 9. .640 20.00 1.146 3-6 D

; 111. WH-PWR 18. 16. .555 .422 .000 96.0 9. .640 10.00 1.146 3-6 0

131. WH-PWR 37. 16. .555 .422 .000 168.0 13. 1.400 26.00 1.122 3-6 F

132. WH-PWR 36. 16. .555 .422 .000 168.0 .17. 1.400 20.00 1.122 3-6 F
,

133. WH-PWR 38. 16. .555 .422 .000 168.0 13. 1.400 13.00 1.124 3-6 F>

134. WH-PWR 38. 16. .555 .422 .000 168.0 10. 1.400 32.00 1.12? 3-6 F

141. WH-PWR 36. 16. .555 .422 .000 96.0 9. 1.820 20.00 1.127 3-6 G

146. WH-PWR 39. 16. .555 .422- .000 168.0 13. 1.900 26.00 1.127 3-6 F

147. WH-PWR 40. 16. .555 .422 .000 168.0 13. 1.710 26.00 1.123 3-6 F

162. WH-PWR 70. 24. .496 .374 .485 168.0 15. 1.250 22.00 1.099 3-8 H

164. WH-PWR 98. 25. .496 .374 .000 168.0 15 1.250 22.00 1.095- 3-2 H



TABLE 3-4. COMPILATION OF TEST PARAMETERS

TEST SPONSOR NO. EXIT INLET MASS AVERAGE
N0. GEOMF- 0F PRESSURE SUBC00 LING VELOCITY HEAT FLUX-

TYPE PTS. RANGE RANGE RANGE (M. RANGE (M.
(PSIA) (BTU /LB) LB/HR-SOFT) BTU /HR-SQFT)

301. GE-BWR 54. 599. - 1250. 21. - 262. .22 - 1.29 .27 - .78

302. GE-BWR 48. 600. - 1250. 18. - 262. .25 - 1.28 .29 - .80

303. GE-BWR 26. 1000. - 1000. 18. - 262. .51 - 1.33 .42 - .81

305. GE-BWR 4. 1000. - 1000. 26. - 163. .76 - .78 .43 - .56

306. GE-BWR 48. 1000. - 1400. 26. - 308. .24 - 1.25 .26 - .76

307. GE-BWR 17. 1000. - 1000. 19. - 169. .50 - 1.26 .54 - .95

307.1 GE-BWR 5. 1000. - 1000. 20. - 154. .98 - 1.01 .73 - .97

308. GE-BWR 31. 1000. - 1000. 19. - 278. .09 - 1.26 .13 - .71

309. GE-BWR 40. 800. - 1000. 21. - 292. .10 - 1.27 .13 - .80

310. GE-BWR 30. 1000. - 1000. 12. - 221. .10 - 1.27 .11 - .59

311. GE-BWR 59. 990. - 1418. 25. - 256. .27 - 1.23 .32 - .76

312. GE-BWR 55. 950. - 1453. 38. - 525. .25 - 1.23 .24 - .64

313. GE-BWR 60. 995. - 1440. 21. - 262. .25 - 1.23 .33 - .83

314. GE-BWR 34. 1000. - 1040. 28. - 268. .24 - 1.26 .23 - .69

315. GE-BWR 70. 1000. - 1417. 26. - 258. .25 - 1.27 .27 - .72

316. GE-BWR 65. 700. - 1420. 29. - 305. .24 - 1.25 .30 - .74

316.1 GE-BWR 44. 999. - 1410. 30. - 282. .24 - 1.24 .30 - .77

318. GE-BWR 72. 995. - 2261. 27. - 180. .96 - 3.17 .40 - .79
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TABLE 3-5. COMPILATION OF TEST PARAMETERS

TEST SPONSOR NO. EXIT INLET MASS AVERAGE

NO. GEOMETRY OF PRESSURE SUBC00 LING VELOCITY HEAT FLUX
TYPE PTS. RANGE RANGE RANGE (M. RANGE (M.

(PSIA) (BTU /LB) LB/HR-SQFT) BTU /HR-SQFT)

13. CE-PWR 111. 200. - 2329. 14. - 391. .11 - 3.02 .20 - .55

14. CE-PWR 50. 1795. - 2311. 3. - 272. .97 - 3.01 .26 - .56

16. CE-PWR 56. 902. - 2320. 13. - 219. .98 - 3.12 .24 - .62

17. CE-PWR 57. 900. - 2315. 19. - 221. .98 - 3.09 .23 - .65

18. CE-PWR 72. 890. - 2315. 22. - 274. .97 - 3.06 .41 - 1.12

19. CE-PWR 53. 900. - 2325. 18. - 219. .98 - 3.17 .23 - .68

20. CE-PWR 68. 900. - 2315. 21. - 247. .97 - 3.05 .25 - .60

22. CE-PWR 61. 900. - 2310. 24. - 189. .99 - 3.03 .26 - .67

23. CE-PWR 53. 895. - 2315. 19. - 227. .99 - 3.01 .30 - .67

24. CE-PWR 62. 900. - 2325. 21. - 242. 1.00 - 3.12 .26 - .67

25. CE-PWR 65. 895. - 2315. 10. - 226. .99 - 3.01 .30 - .78

26. CE-PWR 54. 900. - 2320. 14. - 216. .98 - 3.02 .26 - .64

27. CE-PWR 55. 900. - 2317. 19. - 200. 1.00 - 3.01 .27 - .67

28. CE-PWR 55. 895. - 2320. 17. - 220. .98 - 3.04 .16 - .68

29. CE-PWR 59. 900. - 2315. 22. - 261. .97 - 3.05 .26 - .67

i

i
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TABLE 3-6. COMPILATION OF TEST PARAMETERS

TEST SPONSOR NO. EXIT INLET MASS AVERAGE

N0. GE0 METRY OF PRESSURE SUBC00 LING VELOCITY HEAT FLUX
TYPE PTS. RANGE RANGE RANGE (M. RANGE (M.

(PSIA) (BTU /LB) LB/HR-SQFT) BTV/HR-SOFT)

59. CE-PWR 89. 1495. - 2415. 41. - 334. .99 - 4.01 .20 - .62.

60. CE-PWR 79. 1495. - 2415. 38. - 338. .98 - 3.98 .23 - .55

66. CE-PWR 93. 1500. - 2425. 38. - 339. .98 - 4.06 .20 - . 62.

68. CE-PWR 95. 1500. - 2405. 43. - 340. .99 - 4.05 .27 - .60

71. CE-PWR 87. 1500. - 2415. 41. - 362. .97 - 4.00 .21 - .66

108. WH-PWR 29. 1515. - 2415. 52. - 196. 1.91 - 3.61 .47 - .69'

109. WH-PWR 33. 1515. - 2415. 63. - 211. 2.00 - 3.58 .46 - .63

110. WH-PWR 23. 1505. - 2157. 48. - 203. 1.52 - 3.63 .39 - .64

111. WH-PWR 18. 1515. - 2115. 45. - 203. 1.58 - 3.65 .46 - .61

131. WH-PWR 37. 1490. - 2415. 52. - 242. 1. 94 - 3. 53 .28 - .55

132. WH-PWR 36. 1490. - 2405. 49. - 254. 1.92 - 3.49 .33 - .58

133. WH-PWR 38. 1495. - 2415. 47. - 260. 1.46 - 3.45 .26 - .57

134. WH-PWR 38. 1485. - 2425. 54. - 260. 1.89 - 3.54 .28 - .57

141. WH-PWR 36. 1485. - 2410. 20. - 205. 1.51 - 3.51 .51 - .72

146. WH-PWR 39. 1490. - 2415. 44. - 295. 1.93 - 3.45 .31 - .50

147. WH-PWR 40. 1495. - 2405. 44. - 266. 1.95 - 3.53 .28 - .52

162. WH-PWR 70. 1500. - 2425. 31. - 283. 1.00 - 3.55 .27 - .51

164. WH-PWR 98. 745. - 2425. 11. - 342. .51 - 3.53 .25 - .53

3-8
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FIGURE 3- 1. RADIAL GEOMETRY
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FI GURE 3-2. RADIAL GEOMETRY
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F I GURE 3-3. RADIAL GEOMETRY
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FIGURE 3-4. RADIAL GEOMETRY
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FIGURE 3-5. RADIAL GEOMETRY
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FI GURE 3-6. RADIAL GEOMETRY
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FIGURE 3-7. RADIAL GEOMETRY
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FIGURE 3-8. RADIAL GEOMETRY
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Chapter 4

METHOD OF APPROACH

There are two basic approaches to the prediction of CHF. in rod bundles;
the first is the mixed flow analysis, and the second is the subchannel
analysis. The mixed flow analysis consists of the use of correlations
based on the bundle average conditions .which relate the CHF- to the
system nominal pressure, average heat flux, average mass velocity, and
bundle inlet temperature, all of which can be easily measured. The
subchannel analysis approach uses correl ations based on the local
conditions which relate the CHF to the pressure, heat fl ux , coolant
velocity, and enthalpy at the CHF location. Since the measurement of the
local conditions is practically impossible, the standa.d procedure is to
determine these conditions analytically using various computer models.

A major advantage of correlations based on the bundle average conditions
is that they are simple to use and do not require large computer codes
to develop a CHF correlation. However, these correlations are valid

only for conditions representative of the data on which they are based.
They cannot be used with a high degree of confidence to predict CHF in a
new rod bundle with a different geometry or with different radial or
axial heat flux profiles.

,

4

The CHF correlations based on the local- conditions at the CHF locationi

require a detailed thermal hydraulic analysis capable of accurately
predicting the flow and fluid enthalpy in' various regions of the fuel
assembly model. Such a need can be met by employing advanced methods of

calculation of radial and axial distribution of mass flow rate and
enthalpy in the fuel assembly with the help of large digital computers.

;

,

4-1
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These methods are generally referred to as subchannel analyses and have
been developed for the thermal hydraulic analysis of nuclear reactors.

The subchannel analysis methods are recognized as a more complete means
of analysis and prediction of the steady state thermal and hydraulic
behavior of PWR fn21 assemblies. Several subchannel codes, COBRA (5),

HAMB0 (6), THINC Q), TORC (8_), MIXER (9_), FLICA (10), CORAL (H), and
_

SASS (12) are in use in the nuclear industry. The COBRA codes are the
most widely used because they are the best documented of the subchannel
analysis procedures. The basic thermal-hydraulic and physical modeling
used is based on assumptions common to most suchannel codes.

In subchannel analysis techniques, the cross section of the rod bundles
is subdivided into a number of hydraulically interconnected subchannels.
The basic principle of subchannel analysis is the application of

equations of mass, energy, and momentum conservation to flow along and
between these subchannels. The interchange of mass, heat, and momentum
between neighboring subchannels is included in these conservation
equations. The conservation equations are solved to give radial and
axial variations in fluid enthalpy and mass flow rate. Having

established local conditions in each subchannel, the CHF is calculated
from a CHF correlation developed specifically for use with the

subchannel code.

The COBRA codes have undergone considerable improvement in recent years.
The COBRA I and the COBRA II were steady state codes. The transient flow
calculations were added in the COBRA III code. In the COBRA IIIC code,
an improved transverse momentum balance was introduced. The COBRA IIIC

subchannel code was employed in the present analysis. In addition to the
continuity and conservation equations some physical models or
correlations are required for the evaluation of parameters such as

subcooled voids, bulk voids, single-phase friction factor, two-phase
friction m"1tiplier, turbulent mixing coe'fficient for single-phase and
two-phase conditions, cross flow resistance, etc. The input correlation
options and input parameters used in this study are discussed here and
summarized in Table 4-1.

4-2
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Tchle - 4-1

T.nput Parameters Used in the COBRA-IIIC Code

Single-phase friction factor f = 0.186 Re *

Two-phase density p = ap + (1-a)p
g f

Two-phase specific volume v = 1/p

Cross flow enthalpy (h*) Donor channel enthalpy

Cross flow axial velocity (U*) Average velocities of
the adjacent channels

Momentum turbulent factor 0

Transverse momentum parameter 0.5

Cross flow resistance 0.5

Number of axial nodes 60

Correlations Investigated

Subcooled void ccrrelation No subcooled voids
Bowring
Jens-Lottes and Griffith-Maurer
Levy *

Bulk void Correlation Homogeneous model*
Modified Armand
Bankoff
Van-Glahn
Thom
Smith slip ratio

Two-phase friction multiplier Homogeneous model
Armand
Tarasova
Thom

| Martinelli-Nelson
! Columbia *

Turbulent mixing parameter 0.0
0.001
0.005
0.01
0.02*
O.1

*
Correlations used in the present study.

4-3



4.1 Single-Phase Friction Factor

The flow through -the bundle for the range of test conditions covered in
the present analysis was turbulent. The following two frictica fetor

correlations, generally used to calculate frictional pressure drop in
smooth tubes, were investigated:

- McAdams Correlation (f = 0.186 Re-0.2)

- B1asius Correlation (f = 0.316 Re-0.25)

where Re is the Reynold's number. The McAdams correlation was used in
the present analysis, because the local conditions predicted by the

COBRA IIIC subchannel code were not very sensitive to the single-pha ,e
friction factor.

4.2 Subcooled Void Correlation

The following four subcooled void options were investigated:

1. No subcooled voids,

2. Bowring subcooled void model

3. Jens and Lottes and Griffith-Maurer model

4. Levy subcooled model

Levy's subcooled void model was chosen in the present analysis for two
f

reasons. First, unlike other models , it provides a continuous void

i profile from subcooled to bulk boiling conditions. Second, its agreement
with the experimental subcooled void data is good, both at high

pressures and low pressures (13,14).

t

I
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4.3 Bulk Void Correlation
,

'
' The sensitivity of. local conditions predicted by thef COBRA -IIIC
subchannel code to the following void options was investigated:

<

; .
'

1. Homogeneous model

2. Modified Armand correlation

3. Bankoff correlation

4. Van Glahn correlation

5. Thom correlation

| 6. 9nith lip ratio

In general, the sensitivity of the local conditions to the' bulk void
option was found to be not very significant. Given this insensitivity,
the homogeneous model was chosen because it is widely used and is
generally recognized to show good agreement with the available data,
particularly at high pressures.

4.4 Two-Phase Friction Multiplier Correlation

The Columbia two-phase friction multiplier (15,16) described below, was
used .in the present study. Recently, an accurate two-phase friction,

multiplier for use with the homogeneous model in nucle . reactor core

j analysis was developed at the Heat Transfer Research Facility of
- Columbia University under a research program sponsored by EPRI. Several

,

other correlations investigated were the homogeneous, Armand, Tarasova,

j Thom, and Martinelli-Nelson. The Columbia frfction multiplier was chosen
for the following reasons:

- It is compatible with the homogeneous model.

- It is based on data covering a very wide range of parameters.
,

- The dependency on mass flux is properly accounted for by this
i correiation.

1
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The basic form of the Columbia friction multiplier is,

f i2

\[v+go = 1 + X -1 C
L }

For pressures >600 psia,

-0.175 G-0.45C = 1.02 X

For pressures between 300 and 600 psia,

C = 0.357 (1 + 10 P r) X-0.175 G-0.45

where,

&* is the two-phase friction multiplier,g

X is the equilibrium quality,

V and Vj are the specific volumes,g

G is the mass flux, and

Pr is the reduced pressure (P/Pcritical)-

The Columbia friction multiplier predicts the source data (1533
adiabatic two-phase pressure drop data points) with a standard deviatio"
of 9.7%. The applicability of the correlation in diabatic conditions was
established by comparing it with 865 diabatic data points. The adequacy

of the correlation at the high pressure range was evaluated by comparing
the correlation with Sher and Green's friction multiplier table (1 ),

the Thom correlation, and the homogeneous model . Good agreement between

4-6
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these correlations established the applicability of the Columbia two-
phase friction multiplier correlation at high pressures encountered in
PWRs.

4.5 Grid Loss Coefficient

In the COBRA IIIC . subchannel code, the pressure drop accross grid
spacersi is calculated using user defined coefficients for each spacer
and subchannel within the node where a grid spacer is present. The grid
loss coefficient is defined as

APg
K =

g
2nG /2g P

c

wSere

AP is the pressure drop due to the spacers,G

G is the mass flux,

gc is the Newton coastaat,

n is the number of spacer grids.

The spacer coefficients used in this work were calculated using

isothermal pressure drop data. The total pressure drop in the rod bundle
due to both friction and spacer was determined at various flow rates
under isothermal conditions. The pressure drop due to grid spacers is,

g t - APAPAP =
f

where,

4-7
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1

!,

AP is the total frictional pressure drop,.and
t .

*

AP is the pressure drop due to friction.
f

| The pressure drop _ exclusively -due to . friction was calculated by-

determining the equivalent di ameter of the bundle and using the
following equation:

fG L
AP =

f 2g pDe
c

.

-where,>

f-is the single phase friction factor,
! :
1

L is the length of the bundle,
-

D is the' equivalent diameter of the bundle, and
e

p is density of the coolant.

{
A summary of the correlations investigated and. input parameters used in
the present study are presented in Table 4-1.i

.

i
|

*

|
i

|
:

I
,

!
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Chapter 5

ANALYSIS OF MULTIPLE CHF DATA

As stated earlier, the method of approach adopted in the study of
multiple CHF was to assume that the critical heat flux is dependent on
local conditions in the subchannels of a reactor core. Thus, the basic

philosophy in the present analysis was to apply the procedures used
traditionally for the study of the first CHF to the study of the CHF
events of higher rank in order to determine similarities, dif ferences,
or trends among the multiple CHF events. Therefore, local cool ant
conditions were predicted at the first CHF indication as well t it the

higher rank CHF indications using the COBRA.IIIC subchannel code for the
test inlet conditions and the measured bundle power for each of the test

runs. These local conditions were then substituted into various
subchannel CHF correlations (particularly those used in the nuclear
industry) to determine the predicted value of CHF at the location where
experimental CHF was observed. Comparisons were then made between the

experimental and ,nredicted values of the CHF at the first, second,.
third, ana fourth CHF indications to ascertain the applicability of each
ccrrelation to the prediction of higher rank CHF events.

Two methods were adopted in the analysis of multiple CHF data; first the
statistical approach, and second the parametric study.

The statistical studies involved computation of the following three

statistics:

N

1. Average Ratio Rave = {R$
i=1

5-1
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(R'. - 1)2
'IEti

{2. Root Mean Square Error RMS =

i=1
- -

_ _

[.(R.-Rave)2
N 1/2

I3. Standard Deviation STD =

i=1 N
- _

where N is the number of points and R is the ratio of predicted to local
experimental CHF.

These three correlation statistics were calculated at the location of
the first, second, third, and fourth CHF indications separately and the
combined statistics for all the higher order CHF indications (all except
the first) were also computed. This method reveals the accuracy of the
CHF correlation in predicting the second, third fourth, and higher,

order CHF indications compared to its accuracy in predicting the first
CHF. In addition, the trends in these correlation statistics indicate
any systematic errors associated with the application of the CHF
correlation to the prediction of multiple CHC.

The parametric studies were performed by the examination of the residual
plots. In the residual analysis, the ratio of tha predicted to the local

,

| experimental CHF was plotted against the parameters appearing in the CHF-
correlations, such as, pressure, local quality, local mass flux, inlet
quality, and local experimental CHF. These figures were prepared for the
first, second, third, fourth, and the higher order CHF' separately. The,

distribution of the residuals with respect to the above mentioned

parameters was examined to determine similarities, differences, and
trends among the multiple CHF events.

>

| The following three data sets were used in the analysis of multiple CHF
data:

i

>
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1. BWR uniform axial heat flux data

2. PWR uniform axial heat flux data

3. PWR non-uniform axial heat flux data
1

Briefly stated, a combination of statistical analyses and parametric
studies (based on the local conditions obtained with the COBRA IIIC
subchannel code) were employed to compare the characteristics of the CHF

events of.the higher rank with those of the first CHF for the three data

sets , mentioned above, separately. The results of the analysis of each
data set are discussed separately in the following sections.

5.1 BWR Uniform Axial Heat F1ux Data

The state-of-the-art of determining CHF limits in BWR fuel assemblies is
based on the mixed flow analysis , in which bundle average cool?nt

conditions are used to calculate the critical power of the fuel

assemblies. At present, there are no CHF correlations available in the
,

open literature applicable to BWR type fuel assemblies which predict CHF
- in subchannels based on the local coolant conditions. One of the

'

accurate bundle average correlations applicable to BWR type bundles,
although not used in the licensing of BWRs in US, is the Bowring
correlation (18). The results of using this correlation in the analysis
of multiple CHF data were discussed in Reference 1.

Recently, a generalized subchannel CHF correlation was developed at the
Heat Transfer Research Facility of Columbia University based on the
local coolant conditior,s obtained with the COBRA IIIC subchannel code.

|
The data base used in the development of the Columbia CHF correlation
(16,19) included 3,607 data points from 65 test sections, typical of BWR
and PWR fuel assemblies and cover both the PWR and BWR normal operating

conditions as well as hypothetical LOCA conditions. The Columbia -

correlation is the only known CHF correlation (with the exception of the
WSC-2 correlation (20) which was developed in concert with the HAMB0 (6)

subchannel code) which covers both the PWR and BWR operating conditions.

*

S-3
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The summary of the Columbia CHF correlation is given in Table 5-1, and :

the range of the data base and error statistics in predicting the source !

data are given in Table 5-2. The correction factors to account for the

cold wall effect when the correlation is applied to corner channels and
corresponding data base and error statistics are presented in Table 5-3.
Unlike most other subchannel CHF correlations in the literature, this
correlation is based on the local coolant conditions at the first CHF
indication; the second and highcr rank CHF were not utilized in its

development. For these reasons, the Columbia CHF correlation was used in
the analysis of multiple CHF events in the BWR type fuel assemblies.

The data employed in this study consist of 762 CHF points from 18

General Electric test sections with uniforn axial heat fl ux
distribution. Of these data, a total of 612 CHF points which were within
the parameter ranges of the Columbia CHF correlation, were reduced to
local condition form using the COBRA IIIC subchannel code. Employing the
local coolant conditions of these data, the CHF at the first, second,
third, and fourth CHF indications were calculated using the Colunbia CHF
correlation. The critical heat flux ratio CHFR, defined as the ratio of

the predicted to the local experimental CHF, at. the first, second,

third, and fourth CHF indications were computed for all the data and a
combination of statistical analysis and parametric studies were

performed to evaluate the applicability of the Columbia CHF correlation
to higher rank CHF.

The results of the statistical analysis consisting of the three

statistics, the average ratio, RMS error, and standard deviation from

the mean, were computed and compiled in Table 5-4 for four sets of data;
the first, second, third, and fourth CHF indications. Also, similar

statistics for higher order CHF (the second, third, and fourth CHF

indications) and all the CHF data (the first and higher rank CHF
indications) are given in Table 5-4.

The parametric studies involved plotting of the ratio of the predicted
to observed CHF for the first, second, third, and higher rank CHF events
versus the following variables in Figures 5-1 through 5-12:

5-4
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TABLE 5-1

Columbia CIIF Correlation Summary'

_

A - X. -
. , = in

C 'X - X '. ~E "C+ ,,

where, - E -

,

P (P + P P )2 5 7r
: A=PP G
| 1 r

(P +P P )and p 6 8r

M. BTU
- q" and q" are critical and local heat-fluxes

HR-FT

X and X are inlet and local qualities,in g

G is mass flux (M.LBS/HR-FT ) and

; P is reduced pressure (P/P
r Critical '

P through P are constants.y 8

0.5328P =y

0.1212P =
2

1.6151P =
3

1.4066P =
4

i
~

P -0.3040=
S

,

P 0.4843
6

-0.3285P =
7

-2.0749P =
g

4

4
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TABLE 5-2

Columbia Correlation - Parameter Ranges and Error Statistics

Local' Mass Flux: 0.2 to 4.1 .M.LBS/HR-FT
Pressure: 200 to 2450 PSIA

Local Quality : -0.25 to -0.75

Inlet Quality: -1.1 to 0.0

Hydraulic Diameter: 0.35 to 0.55 Inches

Heated Diameter: 0.25 to 0.55 'Inche's

Length: 3G to 168 Inches

Rod diameter: 0.38 to 0.68 Inches

Number of Rods: 3X3 to 5X5

Radial Profile: Uniform & Non-Uniform (Radial nd Corner

Axial Profile: Uniform

Subchannel Type: Matrix Channels Only

Rod Bundle Type: PWR and BWR
(With and without Unheated Rods)

Error Statistics

Number of Test Sections: TSNS 65=

3607Number of Points: NPTS =

0.995Average Ratio: RAVE =

7.20%RMS Error: RMS =

7.20%Standard Deviation: STD =

Residual Distribution: 51 % of Pcints Within 5% Error Band

82 % of Points Within I 10% Error Band>

97 % of Points Within I 15% Error Band'

99.9 % of Points Within I 20% Error Band

i

5-6
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TABLE 5-3

Summary of Cold Wall Correction Factors

AFA-Xin9 ,, ~_
c ~X -X.-

E I"CF +
c q ,,

_ 1 _

Where F and F are old wall correction factorsg C,

0.1GF =
A

and F " *

C

Parameter Ranges:

Pressure: 600 to 1500 >SIA

Local Mass Flux: 0.15 to 1.2 F..LBS/HR-FT
Local Quality: 0.0 to 0.70

S. C. Type: Corner-Channels Only

Error Statistics: ,

22Number of Test Sections: TSNS =

Number of Points: NPTS 638=

Average Ratio: RAVE 0.997=

6.13 %RMS Error: RMS =

Standard Deviation: STD 6.13 %=

,

1

5-7
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TABLE 5-4

ANALYSIS OF BWR DATA

NUMBER OF TEST SECTIONS 18=

612NUMBER OF DATA POINTS =

PRESSURE RANGE ( PSIA) 900 TO 1450=

MASS FLUX RANGE (M.LBS HR-SQFT) 0.15 TO 2.50=

LOCAL QUALITY RANGE (%) 0.0 TO 70.=

COLUMBIA CHF CORRELATION

CHF RANK NO. OF AVE. RMS STD.
P0INTS RATIO ERROR DEVIATION

.

FIRST CHF 612 1.005 0.054 0.054

.

SECOND CHF 223 0.991 0.052 0.051

THIRD CHF 63 0.981 0.050 0.046

FOURTH CHF 17 0.983 0.048 0.046
i

HIGHER ORDER CHF 307 0.988 0.051 0.050
(SECOND & HIGHER)

!
|

ALL CHF 915 1.000 0.053 0.053'

i
l 5-8
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FIGURE 5-1 PLOT OF-Q-CALC /Q-OBS RATIO VERSUS QUALITY
COLUMBIA CORRELATION - FIRST CHF - BWR
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FIGURE 5-2 PLOT OF Q-CALC /C-OGS RATIO VERSUS QUALITY
COLUMBIA CORRELATION - HIGHER OROER CHF - BWR
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FIGURE 5-3 PLOT OF Q-CALC /Q-OBS RATIO VERSUS QUALITY
COLUMBIA CORRELATION - SECONO CHF - SWR
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FIGURE 5-4 PLOT OF Q-CALC /Q-OBS RATIO VERSUS QUALITY
COLUMBIA CORRELATION - THIRO CHF - BWR
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FIGURE 5-5 PLOT OF Q-CALC /Q-OBS RATIO VERSUS MASS FLUX
COLUMBIA CORRELATION - HIGHER ORDER CHF - BWR
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FIGURE 5-6 PLOT OF Q-CALC /Q-OBS RATIO VERSUS MASS FLUX
COLUMBIA CORRELATION - FIRST CHF - BWR
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FIGURE 5-7- PLOT.OF Q-CALC /Q-OBS RATIO VERSUS PRESSURE
COLUMBIA CORRELATION - FIRST.CHF - BWR
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FIGURE 5-8 PLOT OF Q-CALC /Q-OBS RATIO VERSUS PRESSURE
COLUMBIA CORRELATION - HIGHER ORDER CH.T - BWR
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FIG. 5-9 PLOT OF- Q-CALC /Q-OBS . RATIO VERSUS INLET, QUALITY
COLUMBIA CORRELATION - FIRST CHF - BWR
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FIG. 5-10 PLOT OF Q-CALC /Q-OBS RATIO.VERSUS~ INLET QUALITY
COLUMBIA CORRELATION - HIGH2R ORCER CHF - BWR
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FIG. 5-ll PLOT OF Q-CALC /Q-OBS RATIO VERSUS OBSERVED CHF
COLUMBIA CORRELATION - FIRST CHF - BWR
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FIG. 5-12 PLOT OF Q-CALC /Q-OBS RATIO VERSUS OBSERVED CHF
COLUMBIA CORRELATION - HIGHER ORDER CHF - BWR
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)

- Local quality

- local mass flux

- Pressure

3 ,- Inlet quality -
i

- Local experimental CHF

In the case of local quality,-all the four residual plots (the first,
second,- third, and higher rank CHF- plots) are included in this report.
However, for the rest of the parameters, only two plots (the first and ,

higher rank.CHF plots) are included; the remaining plots are omitted to

j avoid unnecessary repetition.

An examination of the results of the statistical analyses (Table 5-4)4

and parametric studies (Figures 5-1 through 5-12) leads to the following
conclusions:

,

i

1. The trends in the residual distributions of the first CHF and
higher rank CHF events with respect to Local quality, Local
mass flux, pressure, inlet quality, and local experimental
CHF are almost . identical .

2. The Columbia CHF correlation is useful in the prediction of
the CHF events of higher rank. This correlation predicts the
CHF events of higher rank with the same accuracy as that of
the first CHF.

f

5.2 PWR Uniform Axial Heat Flux Data
:

The analysis of this set of data was performed with four CHF
|

- correlations based on local conditions; the CE-1 correlation (21), the
i

i B&W-2 correlation (22), the W-3 correlation (23), and the Columbia CHF
,

correlation (16,19). The- summaries of the CE-1, B&W-2, and W-3

correlations are given in Tables 5-5, 5-6, and 5-7 respectively.

The data used in this phase of the study consists of 931 CHF points from '

' 15 Combustion Engineering test sections. The COBRA IIIC code was

,

'
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ITable 5-5,-

CE-1 CHF Correlation

q., , A' (A - BX)
c C

A' = bi (d/d,)b2,where'

1

A = (b + b. P) G (bs + bs P)3 ,

8 =GN fg,

and C = G (by P + be G)
,

2q" is critical heat flux (M Btu /hr-ft ),.
4

2
G is mass flux ~(M lbs/hr-ft ),

P is pressure (Psia),
'

X is quality,

! d is subchannel equivalent diameter (inches),

.d, is matrix channel equivalent diameter (inches), and

i through be are constants.b

-82.8922 X 10bi =

-0.50749b2 =

405.32.b =
3

-9.9290 X 10-2b% =

-0.67757bs =

6.8235 X 10 'bs =

3.1240 X 10~"b7 =

-8.3245 X 10 2be =

5-16
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1
1

Parameter Ranges:

Pressure: 1785 to 2415 Psia

Local quality: -0.16 to -0.20
2Local mass flux: 0.87 to 3.21 M lbs/hr-ft

Inlet temperature: 382- -to 644 "F

Hydraulic diameter: 0.36 to 0.55 Inches

Heated length: 84, 150 Inches

.I

(

>j

s
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Table 5-6

B&W-2 CHF' Correlation

9,, , A' (A - BX)
c C

where A' bi-b2 d,=

bs -(bu G) (bs + bs (P-2000))A ' =
,

B b7 GH=
7g

ba (b, G) (b o +-bii-(P-2000))-and C i=
,

q" is critical heat flux (M Btu /hr-ft ),2

G is mass flux (M lbs/hr-ft ),2

P is pressure (Psia),

X is quality,

d is subchannel equivalent diameter (inches),

bi through bit are constants.
.

1.1551bi =

0.4070b2 =

0.3702 X 108b =
3

0.5914bg =

bs 0.8304=

0.6848 X 10 3b =6,

! b 0.1521=7

12.7100be =

:

b, 3.0545=

bo 0.7119=i

b = 0.2073 X 10 8ii

|

|
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i

:

i.
Parameter Ranges:

Pressure: 2000 to- 2400 Psia

1ocal quality: -0.03 to _0.20.
_

2
; 1.ocal mass flux: 0.75 to 4.00 M lbs/hr-ft

Hydraulic diameter: 0.20. to 0.50 Inches'

Heated length: 72- Inches -

.

i

t

i

I

.

t

i
,

i

i

,

, ,

I

1
i

3

'

,

i

:
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Table - S-7

W-3 CHF Correlation

~ABCDEq" =

bi + b2 P + (b + bd P) e-(bs + bs P) X-where- A =
- 3 ,

b + b, X,B ~=
7

(b, + b o X + b t X|X|)G+bC- =
i i i2,

b sdib s + b ,, e.D =
i i ,

b s + b 7 (h - hin)'and .E =
i t 7

2q" is critical heat flux (M Btu /hr-ft ),

2
G is mass flux (M lbs/hr-ft ),

P is pressure (Psia),

X is quality,

d is subchannel equivalent diameter (inches),

h is saturated enthalpy (Btu /lb),
f

h is inlet enthalpy (Btu /lb),in
f

and b through b 7 are constants,i i
;

bi 2.022=

-0.0004302b2 =

0.1722( b =
3

! b, = -0.0000984

18.177b =
3

-0.004129
| b, =

> t

1.157b, =

-0.869b, =

| b, 0.1484=

-1.596b,, =

i
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,

t-

i'

b 0.1729i t =

. b 1.037i2 =

bs 0.2664i =
,

bt 0.8357i =
.

.-

bsi = -3.151
1

. bis 0.8258=

bli 0.000794
'

=

Parameter Ranges:
'

Pressure: 1000 to 2300 Ps'fa

Local quality" -0.15 to 0.15>

2Local mass flux: 1.0 to 5.0 M lbs/hr-ft

: Inlet enthalpy: >- 400 Btu /lb,

Hydraulic diameter: 0.2- to 0.70- Inches

Heated length: 10 to 144 Inches

i

i

t

N

i
2

1

| ,

i

4

1

:
i
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employed to reduce these data to Local conditions form. In this data
set, there were some CHF indications which occurred on peripheral rods,
probably due to the occurrence of CHF in the corner or- side subchannels.

Since .the prediction _of CHF in peripheral subchannels is not of high
interest in the PWR thermal-hydraulic analysis, these data were not -
included in the analysis, thus reducing the number of data points to
819. The pressure, mass flux, and local quality covered by these data

2are 600 to 2,300 psia, 0.45 to 3.00 M.lbs/hr-ft , and -20 to +55%
respectively. None of the CHF correlations mentioned above except the
Columbia correlation cover the complete range of these data.

In order to assess the performance of these correlations beyond the
ranges of their appl icabil ity, the CE-1 correlation, the B&W-2

correlation, and the Columbia correlation were employed to predict the
first CHF for all the data. The statistics for this comparative study
are compiled in Table 5-8. The results show that the CE-1 and the B&W-2
correlations are not useful beyond the ranges of the parameters for ;

which they were developed and al so , that the Columbia correlation
predicts the data accurately over the complete parameter ranges.

Since the Columbia correlation is applicable to the complete data
ranges, the statistical analysis of multiple CHF events was performed
with this correlation and the results are shown in Table 5-9.

In order to evaluate the applicability of the other correlations in the
prediction of the CHF events of higher rank than first, a common
parameter range was established within which all the correlations are
applicable. The parameter ranges over which each CHF correlation is
applicable as well as the common parameter range are given in Table 5-
10. Further study of the multiple CHF analyses of this data set was,
therefore, limited to 358 CHF points which cover the pressure, mass

.

fl ux , and local quality ranges of 1900 to 2300 psia, 0.75 to 3.00
2M.lbs/hr-ft , and -5 to +20% respectively. The results of the

statistical analyses and parametric studies performed on these data by
the four correlations are presented in the Tables and Figures as shown
below:
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h

x

;

TABLE 5-8

ANALYSIS OF PWR DATA

15NUMBER OF TEST SECTIONS =
i

819NUMBER OF DATA POINTS =

1

PRESSURE RANGE' ( PSIA) 600 TO 2300=

MASS FLUX RANGE (M.LBS HR-SQFT). = .0.45 TO 3.00

LOCAL QUALITY RANGE (%) = -20. TO 55.
'

i

COMPARIS0N JC CORRELATIONS

.

:

CHF CORRELATION 'NO. OF AVE. RMS STD.
POINTS RATIO ERROR DEVIATION

|

COLUMBIA 819 1.029 0.075 0.069
i

C-E 819 0.983 0.122 0.121
s

B&W-2 819 1.028 0.136- 0.133
1

~

.

'

"

5-23
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;

e TABLE 5-9;
.

ANALYSIS OF PWR DATA;

e

15NUMBER OF TEST SECTIONS =
,

; NUMBER OF DATA POINTS = 819

PRESSURE RANGE (TPSIA) 600 TO 2300=
.

MASS " LUX RANGE-(M.LBS HR-SQFT) = 0.45-10 3.00
#

LOCAL QUALITY RANGE (%) = -20. -T0 55.

:
'

i
; COLUMBIA CHF CORRELATION
1-

3

CHF RANK NO. OF AVE. RMS STD.
POINTS RATIO ERROR DEVIATION'

,

!

FIRST CHF 819 1.029 0.075 0.069-

|
i

SECOND CHF 255 1.024 0.065 -0.060

; THIRD CHF 71 1.010 0.052 0.051
4

i FOURTH CHF 18 0.998 0. 044 0.044
i.

!
,

|

| HIGHER ORDER CHF 348 1.019 0.061 0.058
( (SECOND & HIGHER)
!

! ALL CHF 1163 1.026 0.071 0.066'
;

i-
'

.

i
:
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TABLE 5-10

PARAMETER RANGES OF EXISTING CHF CORRELATIONS

CHF PR. RANGE G. RANGE X RANGE
CORRELATION PSIA M.LB/HR-FT2

W-3 1000 - 2400 1.00 - 5.00 -0.25 - 0.15

B&W-2 2000 - 2400 0.75 - 4.00 -0.03 - 0.20

CE 1785 - 2415 0.87 - 3.21 -0.16 - 0.20

COLUMBIA 200 - 2450 0.20 - 4.10 -0.25 - 0.75

PARAMETER
RANGES FOR
COMPARIS0N 1900 - 2325 0.75 - 3.00 -0.05 - 0.20.

__
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___________________________________________________________________
' Correlation Statistical Analyses Parametric studies

(Tables) (Figures)
___________ ____________________ __________________

Columbia 5-11 5-13 to 5-20

CE-1 5-12 5-21 to 5-28
B&W-2 5-13 5-29 to 5-36

W-3 5-14 5-37 to 5-44
___________________________________________________________________

An examination of these results confirm the conclusions drawn based on
the study of the BWR data that the trends in the CHF events of higher
rank generally follow those of the the first CHF and the CHF
correlations based on local conditions predict the CilF events of higher
rank with the same degree of accuracy as the first CHF.

5.3 PWR Non-Uniform Axial Heat Flux Data

There are several methods of evaluating the applicability of a CHF
correlation to CHF data in fuel assemblies with non-uniform axial heat
flux distribution. Some of the approaches adopted by different

researchers for comparing a CHF correlation and the experimetal CHF data

from rod bundles with non-uniform axial heat flux distribution are
described below.

Bowring (20) used critical power ratio as the figure of merit. In this
procedure, the minimum critical heat flux ratio (experimental local heat
flux over predicted CHF) is determined for the test section inlet
conditions and measured bundle power. The bundle power at which minimum
CHFR becomes unity is calculated. The critical power ratio is defined as
the ratio of the calculated power at which the minimum CHFR is unity to
the experimental power.

5-26
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,

TABLE 5-11
,

'

. ANALYSIS OF PWR DATA

,

15NUMBER OF TEST SECTIONS =

NUMBER OF DATA POINTS ' 358=

4

PRESSURE RANGE ( PSIA). = 1900 TO 2300

MASS FLUX RANGE (M.LBS HR-SQFT) 0.75 TO 3.00=

LOCAL QUALITY RANGE (%) -5. TO 2G.=

,

COLUMBIA CHF CORRELATION

CHF RANK N0. OF AVE. RMS - STO.

POINTS RATIO ERROR DEVIATION

FIRST CHF 358 1.030 0.069 0.062

i

SECOND CHF 125 1.028 0.062 0.055

THIRD CHF 39 1.012 0.053 0.052
,

FOURTH CHF 10 1.014 0.039 0.036
;

I HIGHER ORDER CHF 176 1.023 0.059 0.054
(SECOND & HIGHER),

!

! ALL CHF 532 1.028 0.066 0.060
,

i
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FIG. 5-13- PLOT OF Q-CALC /Q-OBS RATIO VERSUS QUALITY
COLUMBIA CORRELATION - FIRST CHF-
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FIG. 5-14 PLOT OF Q-CALC /Q-OBS RATIO VERSUS QUALITY
'

COLUMBIA CORRELATION - HIGHER ORDER CHF
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FIG. 5-15 PLOT OF Q-CALC /Q-OBS RATIO VERSUS QUALITY
COLUMBIA CORRELATION - SECOND CHF
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FIG. 5-16 PLOT OF Q-CALC /O-CBS RATIO VERSUS CUALITY
COLUMBIA CORRELATION - THIRO CHF
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FIG. 5-17 PLOT OF Q-CALC /Q-OBS RATIO VERSUS MASS FLUX
i COLUMBIA CORRELATION FIRST CHF-
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FIG. 5-18 PLOT OF Q-CALC /Q-OBS RATIO VERSUS MASS FLUX
COLUMBIA CORRELATION - HICHER ORDER CHF
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FIG. 5-19 PLOT OF 0-CALC /O-OBS RATIO VERSUS PRESSURE
COLUMBIA CORRELATION - FIRST CHF
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FIG. 5-20 PLOT OF Q-CALC /Q-OBS RATIO VERSUS PRESSURE
COLUMBIA CORRELATION - HIGHER ORDER CHF
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TABLE 5-12

ANALYSIS OF PWR DATA

15NUMBER OF TEST SECTIONS =

358NUMBER OF DATA POINTS =

PRESSURE RANGE ( PSIA) = 1900 TO 2300
.

MASS FLUX RANGE (M.LBS HR-SQFT) 0.75 TO 3.00=

LOCAL QUALITY RANGE (%) -5. TO 20.=

CE-1 CHF CORRELATION

CHF RANK NO. OF AVE. RMS STD.
POINTS PATIO ERROR DEVIATION

FIRST CHF 358 1.033 0.075 0.067

.

SECOND CHF 125 1.028 0.071 0.066

THIRD CHF 39 1.001 0.060 0.060

I FOURTH CHF 10 0.997 0.042 0.042

i

HIGHER ORDER CHF 176 1.019 0.067 0.064
(SECOND & HIGHER)

_

ALL CHF 532 1.029 0.072 0.066
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FIG. 5-21 PLOT OF Q-CALC /Q-OBS RATIO VERSUS QUALITt

CE CORRELATIC*4 - FIRST CHF
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FIG. 5-22 PLOT OF Q-CALC /Q-OBS RATIO VERSUS QUALITY
CC CORRELATION - HIGHER ORDER CHF
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FIG. 5-23 PLOT OF Q '_ALC/Q-OBS RATIO VERSUS QUALITY
CE CORRELATION - SECOND CHF
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FIG. 5-24 PLOT OF Q-CALC /Q-DOS RATIO VERSUS QUALITY
CE CORRELATION - THIRO CHF
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FIG. 5-25 PLOT OF Q-CALC /Q-CBS RATIO VERSUS MASS FLUX
CE CORRELATION - FIRST CHF
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FIG. 5-26 PLOT OF Q-CALC /Q-OBS RATIO VERSUS MASS FLUX
CE CORREt.ATION - HIGHER ORDER CHF
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FIG. 5-27 PLOT.0F Q-CALC /Q-OBS RATIO VERSUS PRESSURE'

CE CORRELATION FIRST CHF-
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FIG. 5-28 PLOT OF Q-CALC /O-OBS RATIO VERSUS PRESSURE
CE CORRELATION - HIGHER ORDER CHF4
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TABLE 5-13

ANALYSIS OF PWR DATA

15NUMBER OF TEST SECTIONS =

358NUMBER OF DATA POINTS =

PRESSURE RANGE ( PSIA) = 1900 TO 2300

MASS FLUX RANGE (M.LBS HR-SQFT) 0.75 TO 3.00=

-5. TO 20.LOCAL QUALITY RANGE (%) =

B&W-2 CHF CORRELATION

CHF RANK NO. OF AVE. RMS STO.
POINTS RATIO ERROR DEVIATION

FIRST CHF 358 1.093 0.117 0.071

SECOND CHF 125 1.086 0.110 0.068

THIRD CHF 39 1.073 0.092 0.056

FOURTH CHF 10 1.077 0.088 0.044

HIGHER ORDER CHF 176 1.082 0.104 0.064
(SECOND & HIGHER)

'

ALL CHF 532 1.090 0.113 0.069
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FIG. 5-29. PLOT OF Q-CALC /Q-OSS RATIO VERSUS QUALITY
BEW-2 CORRELATION - FIRST CHF
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FIG. 5-30 PLOT OF Q-CALC /Q-OBS RATIO VERSUS QUALITY
B&W-2 CORRELATION -- HIGHER ORDER CHF
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FIG. 5-31 PLOT OF Q-CALC /Q-OBS RATIO VERSUS QUALITY
B&W-2 CORRELATION - SECOND CHF
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FIG. 5-33 PLOT OF Q-CALC /Q-OBS RATIO VERSUS MASS FLUX
B&W-2. CORRELATION - FIRST CHF-

1. S

.

1. 4

0
"

F- 1. 2
* ) *..

& |N- i:'p - . . .::.,;-: .

.
- y m.. ,c..: . -

$ 1. g !.' -{.' I !.!$' '
$ '~u ,'s' -

;-.

s .
.

U #

J
< .O
U
1

0 .

.6

.

I ! f f j.4 e i . , , ,

.5 1. e 1. 5 2. S 2. 5 3. B 3. 5
,

MASS FLUX (M. LBS/HR/SQFT)

n.
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FIG. 5-35 PLOT OF Q-CALC /Q-OBS RATIO VERSUS PRESSURE-
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FIG. 5-36 PLOT OF Q-CALC /Q-OBS RATIO VERSUS PRESSURE
HIGHER ORDER CHFB&W-2 CORRELATION -

1. 5

|
s .

| 1. 4
4

<
~

I O
~

**

F 1. 2< ... :, .

.' t ::. '
*E .. -

..r: . . -
vi

.

...':i!.: .,:.i.
*

.m .. . . .

O 1. 9 '
'. -*t '

0
. .

.

N
I U

. *
1

' J
I < .8
- u

i
G - *

.6

.

.4 I I I l

l ees. 2000. 2198. 2299. 2308. 2498.

1 PRESSURE (PSI A)

5-41'

, - - . . . - _ . .- -. - . - _ . - - .. - - - -



TABLE 5-18

ANALYSIS OF PWR DATA

NUMBER OF TEST SECTIONS 15=

NUMBER OF DATA POINTS 358=

PRESSURE RANGE ( PSIA) = 1900 TO 2300

MASS FLUX RANGE (M.LBS HR-SQFT) 0.75 TO 3.00=

LOCAL QUALITY RANGE (%) -5. TO 20.=

W-3 CHF CORRELATION

CHF RANK NO. OF AVE. RMS STO.
POINTS RATIO ERROR DEVIATION

FIRST CHF 358 0.958 0.161 0.156

SECOND CHF 125 0.94 9 0.149 0.140

THIRD CHF 39 0.945 0.139 0.128

FOURTH CHF 10 0.906 0.160 0.129

HIGHER ORDER CHF 176 0. 94 4 0.148 0.137
(SECOND & HIGHER)

ALL CHF 532 0.954 0.157 0.150
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FIG. 5-37 PLOT OF Q-CALC /Q-OHS RATIO VERSUS QUALITY
W-3 CORRELATION - FIRST CHF

1. e .

.

1. 4

o
~

.

. .
.~

,

F 1. 2 -< .
.

-

cr . - . -
. .

-
.

-

.
.

..

M -
.,.. ..m . . . . .. ,

-O 1. 0 -

t - -.. 3 ,.

o - .
*

s .
-

.
-

, . .. .
. -

U
.

* *

. ' '
*o . .

.g
< .8
U

.
. s..

.

t
.

.

O - - *

.0

.

1 1 1 1
~4
~. 05 O.00 .25 .10 .15 .20

EQUILIBRIUM QUALITY

FIG. 5-38 PLOT OF Q-CALC /O-OBS RATIO VERSUS QUALITY
W-3 CORRELATION - HIGHER ORDER CHF
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FIG. 5-39 PLOT OF Q-CALC /Q-OBS RATIO VERSUS QUALITY
W-3 CORRELATION SECONO CHF-
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FIG. 5-40 PLOT OF Q-CALC /Q-OBS RATIO VERSUS QUALITY
jr W-3 CORRELATION - THIRO CHF
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FIG. 5-41 PLOT OF Q-CALC /Q-OBS RATIO VERSUS MASS FLUX
W-3 CORRELATION - FIRST CHF
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FIG. 5-42 PLOT OF Q-CALC /Q-OBS RATIO VERSUS MASS FLUX
W-3 CORRELATION - HIGHER ORDER CHF
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FIG. 5-43 PLOT OF Q-CALC /O-OBS RATIO VERSUS PRESSURE
W-3 CORRELATION - FIRST CHF
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FIG. 5-44 PLOT OF Q-CALC /O-OBS RATIO VERSUS PRESSURE
W-3 CORRELATION - HIGHER ORDER CHF
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Rosal et al. (24) determined the measured local heat flux at the axial
location giving minimum CHF ratio as calculated by the subchannel code
for the measured total bundle power at the test inlet conditions. The
predicted CHF is the heat flux at the same axial location as above and
calculated from the minimum total bundle power for any point in the
bundle to reach a CHFR of one for the given inlet conditions. The

measured heat flux and predicted CHF as calcul ated above are then
compared.'

4

(25), the5In the third method, adopted by Combustion Engineering
location giving minimum CHF ratio on the heater rod indicating CHF is
established with the aid of the subchannel code for the measured bundle
power and the experimental inlet conditions. The measured and predicted
values of CHF at this location of minimum CHFR for the heater rod
indicating CHF are compared.

In the first two approaches, neither the location of the experimental
CHF indication nor the experimental bundle power are used directly in
establising thermal margin. In the third approach, the experimental
location of the CHF indication is not used directly but the experimental
normal power is used. Therefore, these approaches are inappropiate for
the analysis of multiple CHF data.

In the present analysis , the measured local heat flux at the

experimental location of the first and higher rank CHF indications was
compared with the predicted CHF calculated using local conditions from
the subchannel analysis for the measured bundle power and test inlet
conditions.

The data used in this phase of the work consisted of 978 CHF points from
5 Combustion Engineering and 13 Westinghouse test sections having non-
uniform axial heat flux distribution. For reasons stated earlier, the

CHF events occurring in the peripheral subchannels were not included in
the study, thus reducing the number of CHF points analyzed to 809. The
pressure, mass flux, and local quality ranges covered by these data are

5-47
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21500 to 2450 psia, 0.9 to 3.50 M.lbs/hr-ft , and -10 to +30%

respectively. The results of the statistical analysis performed on these
data with the CE-1 correlation, the B&W-2 correlation, and the Columbia
correlation are presented in Tables 5-15, 5-16, and 5-17 respectively.
The W-3 CHF correlation was not used in this analysis because it
requires the application of F-factor which compares the heat flux at the
location of minimum CHFR with the experimental heat flux at that,

location. Apparently such a comparison is not adequate for the analysis
of multiple CHF events.

A comparison of these results with those of the BWR uniform axial heat

flux data and the PWR uniform axial heat flux data reveal that the
results of these three independet data sets are completely consistent.
The three major findings of this study are:

1. The parametric studies show that the residual distributions
with respect to local quality, mass flux, pressure, inlet
qual ity, and local exparimental CHF of the higher rank CHF -
events do not exhibit any unusual trends. On the contrary,
the general characteristics of the higher rank CHF events are
nearly identical to those of the first CHF.

2. All of the four CHF correlations examined (CE-1, B&W-2, W-3,
and Columbia) predicted the higher rank CHF events with the
same degree of accuracy as the first CHF.

3. The Columbia CHF correlation is in better agreement with the
experimental results than the other three CHF correlations
assessed (CE-1, B&W-2, and W-3) in predicting both the first -

CHF and the higher rank CHF occurrences.

It is worth noting that the first twc conclusions are in agreenent with
the conclusions drawn from the analysis of the multiple CHF data based

on the bundle average conditions using the Bowring correlation (1).

i

-
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TABLE 5-15

ANALYSIS- OF NON-UNIFORM AXIAL HEAT FLUX PWR DATA

18NUMBER OF TEST SECTIONS =
.

809NUMBER OF DATA POINTS =

PRESSURE RANGE ( PSIA) =-1500 TO 2450

0.90 TO 3.50MASS FLUX RANGE (M.LBS HR-SOFT) =

-10. TO'30.LOCAL QUALITY RANGE (%) =

COLUMBIA CHF CORRELATION

4

i

CHF RANK NO. OF AVE. RMS STD.
POINTS RATIO ERROR DEVIATION

FIRST CHF 809 1.011 0.081 0.082

SECOND CHF 386 1.004 0.087 0.087

THIRD CHF 192 0.996 0.076 0.076

FOURTH CHF 94 0.981 0.074 0.072

HIGHER ORDER CHF 672 0.999 0.082 0.082

(SECOND & HIGHER)

ALL CHF 1481 1.005 0.081 0.081
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TABLE 5-16
,

l'

ANALYSIS OF NON-UNIFORM AXIAL HEAT FLUX PWR DATA
4

NUMBER OF TEST SECTIONS 18=

i NUMBER OF DATA POINTS 809=

PRESSURE RANGE ( PSIA) = 1500 TO 2450

MASS FLUX RANGE (M.LBS HR-SQFT) 0.90 TO 3.50=

LOCAL QUALITY RANGE (%) -10. TO 30.=

C-E CHF CORAELATION

CHF RANK NO. OF AVE. RMS STD.
POINTS RATIO ERROR DEVIATION

FIRST CHF 809 0.990 0.088 0.088
;

SECOND CHF 386 0.980 0.094 0.092

THIRD CHF 192 0.978 0.093 0.090
i

'
FOURTH CHF 94 0.956 0.085 0.072

niGdER ORDER CHF 672 0.976 0.092 0.089
i (SECOND & HIGHER)

ALL CHF 1481 0.984 0.090 0.089
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TABLE 5-17
4

ANALYSIS OF NON-UNIFORM AXIAL HEAT FLUX PWR DATA

{

18-' NUMBER ~CF TEST SECTIONS =

809NUMBER OF DATA POINTS =

PRESSURE RANGE ( PSIA) = 1500 TO 2450

0.90 TO 3.50MASS FLUX RANGE (M.LBS HR-SOFT) =

-10. TO 30.LOCAL QUALITY RANGE (%) =

B&W-2 CHF CORRELATION

1

CHF RANK NO. OF AVE. RMS STD.
POINTS RATIO ERROR DEVIATION

FIRST CliF 809 1.021 0.091 0.088

SECOND CHF 386 1.006 0.092 0.092

THIRD CHF 192 0.999 0.094 0.094

FOURTil CHF 94 0.970 0.088 0.082

'
,

HIGHER ORDER CHF. 672 0.999 0.092 0.092

(SECOND & HIGHER)

ALL CilF 1481 1.011 0.091 0.091-

t
;
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Chapter 6

SUPWARY, CONCLUSIONS, AND RECOMMENDATIONS

Three data sets of rod bundle heat transfer tests performed at the Heat
Transfer Research Facility of Columbia University are examined for
multiple CHF events. They are: I

1. 612 CHF points from 18 General Electric test section
simulating BWR cores with uniform axial heat flux
distribution.

2. 819 CHF points from 15 Combustion Engineering test sections
simulating PWR cores with uniform axial heat flux
distribution.

3. 809 CHF poirsts from 5 Corrbustion Engineering and 13
Westinghouse Electric test sections simulating PWR cores with
non-uniform axial heat flux distribution.

The present study involved ascertaining the adequacy of the local
conditions CHF correlations being presently used in nuclear reactor
licensing in predicting CHF events of higher rank. The local conditions
at the first and higher rank CHF locations for the CHF data in the above
three sets were obtained using the COBRA IIIC subchannel code. The local

conditions were substituted in various CHF correlations and their
accuracy in predicting higher rank CHF events was assessed.

The BWR data were analyzed with the Columbia subchannel CHF correlation.
Four CHF correlations, the CE-1, B&W-2, W-3, and the Columbia were
employed in the analysis of the PWR uniform axial heat flux data. The
PWR non-uniform axial heat flux data were studied using three
correlations; CE-1, B&W-2, and Columbia correlation.

6-1



A combination of statistical analyses and parametric studies, based on
the local conditions derived from the COBRA IIIC subchannel code, were

employed to compare the characteristics of the higher rank CHF

occurrences with the first CHF for the above mentioned three data sets
independently. The results of all the three studies were very similar
and led to the following three important conclusions:

1. The statistical results show that the presently available CHF
correlations based on local conditions are adequate in the
prediction of the CHf events of higher rank. These-
correlations predict the CHF events of higher rank with the
same degree of accuracy as the first CHF.

2. The parametric studies indicate that the characteristic
behavior of the CHF events of higher rank than first are4

nearly the same as those of the first CHF.

3. The Columbia CHF correlation is in better agreement with the
experimental results than the other correlations assessed in
predicting both the first CHF and the higher rank CHF events.

These conclusions are valid for rod bundle CHF tests under normal steady
state conditions. The present study did not encompass the evaluation of

the adequacy of the presently available local conditions CHF

correlations in the prediction of multiple CHF events occurring due to
rod bundle fuel abnormalities, such as bowed rods and heat flux spikes
in non-unifonn axial heat flux distribution tests. It is recommended
that studies be conducted to ascertain the predictability of multiple
CHF events observed during these abnormal rod bundle heat transfer
tests, using the CHF correlations based on local conditions.
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APPENDIX - A

SUMMARY OF TEST SECTION GEOMETRY

PARAMETERS



TEST SECTION NUMBER 13

TOTAL NUMBER OF RODS : 25
NUMBER OF HEATED RODS: 25
ROD PITCH (INCH) : .580
ROD' DIAMETER (INCH) : .440
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 84.000
ROD TO WALL GAP (INCH) : .160
FLOW AREA (SQ. INCH) : 5.685
CORNER RADIUS (INCH) : .000

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

83.500 83.500 83.500 83.500

NUMBER OF GRIDS: 5 LOSS COEFF. GRID TYPE 1. : .815
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 5.50 1 21.50 1 37.50 1 53.50 1 69.50

ROD PATTERN

1 2 3 4 5
16 17 18 19 6
15 24 25 20 7
14 23 22 21 8
13 12 11 10 9

RADIAL POWER DISTRIBUTION:

.966 .963 .973 .968 .968

.966 1.134 1.134 1.130 .969

.970 1.130 .959 .967 .966

.960 1.132 .968 .968 .975

.973 .972 .957 .963 .971
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TEST SECTION NUMBER 14

TOTAL NUMBER OF RODS : 25
NUMBER OF HEATED RODS: 25

'

ROD PITCH (INCH) : .580
ROD DIAMETER (INCH) : .440
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 84.000
ROD TO WALL GAP (INCH): .160
FLOW AREA (SQ. INCH) : 5.685
CORNER RADIUS (INCH) : .000

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

83.500

NUMBER OF GRIDS: 5 LOSS COEFF. GRID TYPE 1 : .815
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH)~)

1 5.50 1 21.50 1 37.50 1 47.50 1 66.50

ROD PATTERN

1 2 3 4 5
16 17 18 19 6
15 24 25 20 7
14 23 22 21 8
13 12 11 10 9

RADIAL POWER DISTRIBUTION:

.966 .963 .973 .968 .968

.966 1.134 1.134 1.130 .969

.970 1.130 .959 .967 .966

.960 1.132 .968 .968 .975

.973 .972 .957 .963 .971

.

t
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TEST SECTION NUMBER 16

TOTAL NUMBER OF RODS : 22
NUMBER OF HEATED RODS: 21
ROD PITCH (INCH) : .580
ROD DIAMETER (INCH) : .440
G.T. DIAMETER (INCH) : 1.135
HEATED LENGTH (INCH) : 84.000
ROD TO WALL GAP (INCH): .160
FLOW AREA (SO. INCH) : 5.282
CORNER RADIUS (INCH) : .000

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

1 63.500

NUMBER OF GRIDS: 5 LOSS COEFF. GRID TYPE 1 : .884
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 5.50 1 21.50 1 37.50 1 53.50 1 69.50

ROD PATTERN

1 2 3 4 5
16 17 18 19 6
15 21 0 0 7
14 20 0 0 8
13 12 11 10 9

RADIAL POWER DISTRIBUTION:

.963 .960 .961 .950 .964

.962 1.117 1.118 1.124 .966

.969 1.122 .000 .000 .967

.969 1.119 .000 .000 .962

.959 .963 .961 .964 .962

A-3
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TEST SECTION NUMBER' 17

TOTAL NUMBER OF RODS : 22
.

NUMBER OF HEATED RODS: 21
ROD PITCH (INCH) : .580

ROD DIAMETER (INCH) : .440
G.T. DIAMETER (INCH) : 1.135
HEATED LENGTH (INCH) : 84.000
ROD TO WALL GAP (INCH): .160
FLOW AREA (SQ. INCH) : 5.282
CORNER RADIUS (INCH) : .000'

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

83.500

NUMBER OF GRIDS: 4 LOSS COEFF. GRID TYPE 1 : .815

TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 9.50 1 28.50 1 47.50 1 66.50

ROD PATTERN

1 2 3 4 5
16 17 18 19 6
15 21 0 0 7
14 20 0 0 8
13 12 11 10 9

RADIAL POWER DISTRIBUTION:

.963 .960 .961 .949 .963

.962 1.118 1.117 1.120 .966

.968 1.133 .000 .000 .967

.968 1.116 .000 .000 .962

.958 .963 .961 .963 .962

A-4
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TEST SECTION NUMBER 18

TOTAL NUMBER OF RODS : 22
NUMBER OF HEATED RODS: 21
ROD PITCH (INCH) : .580
ROD DIAMETER (INCH) : .440
G.T. DIAMETER (INCH) : 1.135
HEATED LENGTH (INCH) : 48.000
ROD TO WALL GAP (INCH): .160

FLOW AREA (SO. INCH) : 5.282
CORNER RADIUS (INCH) : .000

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

47.500

NUMBER OF GRIDS: 3 LOSS COEFF. GRID TYPE 1 : .815

TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 1.50 1 17.90 1 33.50

ROD PATTERN

1 2 3 4 5
16 17 18 19 6
15 21 0 0 7
14 20 0 0 8
13 12 11 10 9

RADIAL POWER DISTRIBUTION:

i .968 .968 .972 .977 .977
| .971 1.095 1.085 1.092 .974

.970 1.089 .000 .000 .971

.974 1.093 .000 .000 .968'

.968 .973 .969 .97) .974

i
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TEST SECTION NUMBER 19

TOTAL NUMBER OF RODS : 22
NUMBER OF HEATED RODS: 21
ROD PITCH (INCH) : .580
ROD DIAMETER (INCH) : .440
G.T. DIAMETER (INCH) : 1.135
HEATED LENGTH (INCH) : 84.000
ROD TO WALL GAP (INCH) : .160<

FLOW AREA (SQ. INCH) : 5.282
CORNER RADIUS (INCH) : .000

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

83.500-

NUMBER OF GRIDS: 4 LOSS COEFF. GRID TYPE 1 : .815

TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 9.50 1 28.50 1 47.50 1 66.50

ROD PATTERN

1 2 3 4 5
16 17 18 19 6
15 21 0 0 7
14 20 0 0 8
13 12 11 10 9

RADIAL POWER DISTRIBUTION:
i

.968 .961 .960 .968 .958
| .962 1.118 1.119 1.115 .961

.960 1.116 .000 .000 .962
! .949 1.132 .000 .000 .969

.963 .959 .967 .966 .968

|
,

l

i

!
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TEST SECTION NUMBER 20

TOTAL NUMBER OF RODS : 22
NUMBER OF HEATED RODS: 21
ROD PITCH (INCH) : .580
ROD DIAMETER (INCH) : .440
G.T. DlAMETER (INCH) : _ l.135
HEATED LENGTH (INCH) : 84.000
ROD TO WALL GAP (INCH): .160
FLOW AREA (SQ. INCH) : 5.282
CORNER RADIUS (INCH) : .000

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

83.500

NUMBER OF GRIDS: 5 LOSS COEFF. GRID TYPE 1 : .815
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 5.50 1 21.50 1 37.50 1 53.50 1 69.50

ROD PATTERN

1 2 3 4 5
16 17 18 19 6
15 21 0 0 7
14 20 0 0 8

13 12 11 10 9

RADIAL POWER DISTRIBUTION:

.968 .961 .960 .968 .958

.962 1.118 1.119 1.115 .961

.960 1.116 .000 .000 .963

.949 1.132 .000 .000 .969

.963 .959 .967 .966 .968

A-7
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TEST SECTION NUMBER 22

TOTAL NUMBER OF RODS : 22
NUMBER OF HEATED RODS: 21
ROD PITCH (INCH) : .580
ROD DIAMETER (INCH) : .440
G.T. DIAMETER (INCH) : 1.135
HEATED. LENGTH (INCH) : 84.000
ROD TO WALL GAP (INCH): .160
FLOW AREA (SQ. INCH) : 5.282
CORNER RADIUS (INCH) : .000

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

83.500

NUMBER OF GRIDS: 5 LOSS COEFF. GRID TYPE 1 : 1.085
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 5.50 1 21.50 1 37.50 1 53.50 1 69.50

ROD PATTERN

1 2 3 4 5
16 17 18 19 6
15 21 0 0 7
14 20 0 0 8
13 12 11 10 9

RADIAL POWER DISTRIBUTION:

.998 .995 1.005 1.001 1.000

.998 1.012 1.010 .995 1.001
1.002 .995 .000 .000 .998
.993 .991 .000 .000 1.008

1.005 1.005 .990 .995 1.003

A-8
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TEST SECTION NUMBER 23

TOTAL NUMBER OF RODS : 22
NUMBER OF HEATED RODS: 21
ROD PITCH (INCH) : .580
ROD DIAMETER (INCH) : .440
G.T. DIAMETER (INCH) : 1.135
HEATED LENGTH (INCH) : 84.000
ROD TO WALL GAP (INCH): .160
FLOW AREA (SQ . INCH) : 5.282
CORNER RADIUS (INCH) : .000

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

: 83.500

NUMBER OF GRIDS: 10 LOSS COEFF. GRID TYPE 1 : 1.029
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 5.50 1 13.50 1 21.50 1 29.50 1 37.50 1 45.50
1 53.50 1 61.50 1 69.50 1 77.50

ROD PATTERN

1 2 3 4 5
16 17 18 19 6
15 21 0 0 7
14 20 0 0 8

13 12 11 10 9

,

RADIAL POWER DISTRIBUTION:

.998 .995 1.005 1.001 1.001

.998 1.012 1.010 .995 1.003

1.002 .995 .000 .000 1.001
.993 .991 .000 .000 1.008

1.005 1.005 .990 .995 .998

A-9
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TEST SECTION-NUMBER 24

TOTAL NUMBER OF RODS : 22
NUMBER OF HEATED RODS: 121
ROD PITCH (INCH) : .580
ROD DIAMETER (INCH) : .440
G.T. DIAMETER (INCH) : 1.115
HEATED LENGTH (INCH) : 84.000
ROD TO WALL GAP (INCil): .160
FLOW AREA (SQ. INCH) : 5.116
CORNER RADIUS (INCH) : .000
BLOCKAGE LENGTH (INCH): 1.000

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE-LOCATIONS :
(DISTANCE FROM INLET (INCH) )

83.500 83.500 83.500 83.500

NUMBER OF GRIDS: 4 LOSS COEFF. GRID TYPE 1 : .815
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 11.00 1 29.25 1 47.50 1 67.75

ROD PATTERN

1 2 3 4 5
14 15 16 17 6
13 20 21 18 7
12 19 0 0 8
11 10 0 0 9

RADIAL POWER DISTRIBUTION:

.982 .976 .975 .982 .972'

.975 .976 .981 .980 .976

.977 1.136 1.153 1.134 .963

.973 .977 .000 .000 '.984

.967 .981 .000 .000 .981

A-10
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TEST SECTION NUMBER 25

TOTAL NUMBER OF RODS : 22
NUMBER OF HEATED RODS: 21
ROD PITCH (INCH) : .580
ROD DIAMETER (INCH) : .440
G.T. DIAMETER (INCH) : 1.115
HEATED LENGTH (INCH) : 84.000
ROD TO WALL GAP (INCH): .160
FLOW AREA (SO. INCH) : 5.116
CORNER RADIUS (INCH) : .000
BLOCKAGE LENGTH (INCH): 1.000

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

83.500

NUMBER OF GRIDS: 4 LOSS COEFF. GRID TYPE 1 : 1.086
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 11.00 1 29.25 1 47.50 1 67.75

ROD PATTERN

1 2 3 4 5
14 15 16 17 6
13 20 21 18 7
12 19 0 0 8

11 10 0 0 9

RADIAL POWER DI..RIBUTION:

.981 .975 .974 .981 .971

.974 .989 .980 .979 .975

.976 1.135 1.152 1.135 .962

.973 .976 .000 .000 .983

.966 .981 .000 .000 .980
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TEST SECTION NUMBER 26

TOTAL NUMBER OF RODS : 22
NUMBER OF HEATED RODS: 21
ROD PITCH (INCH) -: .580
ROD DIAMETER (INCH) : .440
G.T. DIAMETER (INCH) : 1.115
HEATED LENGTH (INCH) : 84.000
ROD TO WALL GAP (INCH): .160
FLOW AREA (SQ. INCH) : 5.116
CORNER RADIUS (INCH) : .000
BLOCKAGE LENGTH (INCH): 1.000

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

83.500

NUMBER OF GRIDS: 5 LOSS COEFF. GRID TYPE 1 : .815
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 8.81 1 27.06 1 45.31 1 63.56 1 81.81

ROD PATTERN

1 2 3 4 5
14 15 16 17 6
13 20 21 18 7
12 19 0 0 8
11 10 0 0 9

RADIAL POWER DISTRIBUTION:

.970 .965 .969 .961 .967

.967 .978 .973 1.001 .961
1.001 1.166 1.164 1.161 .968
.970 .996 .000 .000 .965
.956 .965 .000 .000 .976

A-12
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TEST SECTION NUMBER 27

TOTAL NUMBER OF RODS : 22
NUMBER OF HEATED RODS: 21
RQD PITCH (INCH) : .580
ROD DIAMETER (INCH) : .440
G.T. DIAMETER (INCH) : 1.115
HEATED LENGTH (INCH) : 84.000
ROD TO WALL GAP (INCH) : .160
FLOW AREA (SQ. INCH) : 5.116
CORNER RADIUS (INCH) : .000
BLOCKAGE LENGTH (INCH): 1.000

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

83.500 83.500 83.500 83.500

NUMBER OF GRIDS: 4 LOSS COEFF. GRID TYPE 1 : 1.053
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 11.75 1 30.00 1 48.25 1 66.50

ROD PATTERN

1 2 3 4 5
14 15 16 17 6
13 20 21 18 7
12 19 0 0 8
11 10 0 0 9

RADIAL POWER DISTRIBUTION:

.981 .975 .974 .981 .971

.974 .989 .980 .979 .975

.976 1.135 1.152 1.135 .962

.973 .976 .000 .000 .983 |

.966 .981 .000 .000 .980

l

|
|

|
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TEST SECTION NUMBER 28

i

!TOTAL NUMBER OF RODS : 22
NUMBER OF HEATED RODS: 21
ROD PITCH (INCH) : .580
ROD DIAMETER (INCH) : .440
G.T. DIAMETER (INCH) : 1.115
HEATED LENGTH (INCH) : 84.000
ROD TO WALL GAP (INCP): .160
FLOW AREA (SQ. INCH) : 5.116
CORNER RADIUS (INCH) : .000
BLOCKAGE LENGTH (INCH) : 1.000

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

83.500

NUMBER OF GRIDS: 4 LOSS COEFF. GRID TYPE 1 : .815
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 11.75 1 30.00 1 48.25 1 66.50

ROD PATTERN

1 2 3 4 5
14 15 16 17 6
13 20 21 18 7
12 19 0 0 8

11 10 0 0 9

RADIAL POWER DISTRIBUTION:

1.023 .990 1.006 .993 1.004
1.002 1.004 1.000 .978 .998
1.005 .984 .999 1.006 .998
1.006 1.016 .000 .000 .995
.995 .993 .000 000 1.006
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TEST SECTION NUMBER 29

TOTAL NUMBER OF RODS : 22
NUMBER OF HEATED RODS: 21
ROD PITCH (INCH) : .580
ROD DIAMETER (INCH) : .440
G.T. DIAMETER (INCH) : 1.115
HEATED LENGTH (INCH) : 84.000
ROD TO WALL GAP (INCH): .160
FLOW AREA (SQ. INCH) : 5.116
CORNER RADIUS (INCH) : .000
BLOCKAGE LENGTH (INCH): 1.000

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
-(DISTANCE FROM INLET (INCH) )

83.500

NUMBER OF GRIDS: 10 LOSS COEFF. GRID TYPE 1 : .815
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 4.75 1 12.75 1 20.75 1 28.75 1 36.75 1 44.75
1 52.75 1 60.75 1 68.75 1 76.75

ROD PATTERN

1 2 3 4 5
14 15 16 17 6
13 20 21 18 7
12 19 0 0 8
11 10 0 0 9

RADIAL POWER DISTRIBUTION:

.976 .991 1.008 .994 1.005
1.003 1.005 1.002 .979 1.000
1.006 .985 1.020 1.007 1.000
1.008 1.017 .000 .000 .996

.996 .994 .000 .000 1.007

A-15
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TEST-SECTION NUMBER 59

TOTAL NUMBER OF RODS : 22
NUMBER OF HEATED RODS: 21
ROD PITCH (INCH) : .506
ROD DIAMETER (INCH) : .382
G.T. DIAMETER (INCH) : .980
HEATED LENGTH (INCH) : 150.000
ROD TO WALL GAP (INCH): .123
FLOW AREA (SQ. INCH) : 3.698
CORNER RADIUS (INCH) : .200
BLOCKAGE LENGTH (INCH) : .890

AXIAL HEAT FLUX DISTRIBUTIOd : NON-UNIFORM
NUMBER OF AXIAL HEAT FLUX DISTRIBUTION POINTS: 19

NORMALIZED DISTRIBUTION (X,Y) :

.000 .400 .054 .400 .125 .655 .180 .842 .240 1.029

.287 1.169 .341 1.285 .419 1.414 .449 1.442 .479 1.466

.509 1.472 .539 1.461 .569 1.438 .599 1.403 .659 1.286

.749 1.052 .838 .771 .943 .400 1.000 .400

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

143.360 129.160 114.960 100.760 86.560 72.360

NUMBER OF GRIDS: 11 LOSS COEFF. GRID TYPE 1 : 1.083
TYPES OF GRIDS : 1

,

GRID TYPES ' AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 2.61 1 16.81 1 31.01 1 45.21 1 59.41 1 73.61
1 87.81 1 102.01 1 116.21 1 130.41 1 144.61

:

ROD PATTERN
|

1 2 3 4 5
14 15 16 17 6
13 20 21 18 7
12 19 0 0 8
11 10 0 0 9

RADIAL POWER DISTRIBUTION:

.965 .968 .975 .968 .971

.968 .969 .968 .969 .964

.965 1.199 1.193 1.193 .969

.964 .969 .000 .000 .968

.963 .973 .000 .000 .973

A-16
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TEST SECTION NUMBER 60

TOTAL NUMBER OF RODS : 22
NUMBER OF HEATED RODS: 21
RO,D PITCH (INCH) : .580

,

ROD DIAMETER (INCH) : .440
G.T. DIAMETER (INCH) : 1.115
HEATED LENGTH (INCH) : 150.000
ROD TO WALL GAP (INCH) : .135
FLOW AREA (SQ. INCH) : 4.835
CORNER RADIUS (INCH) : .000
BLOCKAGE LENGTH (INCH) : 1.000

AXIAL HEAT FLUX DISTRIBUTION : NON-UNIFORM
NUMBER OF AXIAL HEAT FLUX DISTRIBUTION POINTS: 18

NORMALIZED DISTRIBUTION (X,Y) :

.000 .326 .070 .833 .128 ?. 170 .186 1.440 .221 1.552

.256 1.620 .302 1.665 .332 1.683 .360 1.665 .384 1.638

.419 1.575 .477 1.418 .651 .810 .740 .540 .800 .428

.850 .349 .900 <315 1.000 .300

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

140.050 122.670 105.250 87.850 70.450 53.050

NUMBER OF GRIDS: 9 LOSS COEFF. GRID TYPE 1 : 1.430
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 2.05 1 16.45 1 33.85 1 51.25 1 68.65 1 86.05
1 103.45 1 120.85 1 138.25

ROD PATTERN

1 2 3 4 5
14 15 16 17 6
13 20 21 18 7
12 19 0 0 8
11 10 0 0 9

RADIAL POWER DISTRIBUTION:

.966 .971 .966 .971 .966

.975 .966 .976 .966 .958

.969 1.201 1.198 1.201 .971

.971 .966 .000 .000 .964

| .962 .956 .000 .000 .966
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TEST SECTION NUMBER 66

TOTAL NUMBER OF RODS : 22
NUMBER OF HEATED RODS: 21
ROD PITCH (INCH) : .506
ROD DIAMETER (INCH) : .382
G.T. DIAMETER (INCH) : .980
HEATED LENGTH (INCH) : 150.000
ROD TO WALL GAP (INCH): .123
FLOW AREA (SQ. INCH) : 3.698
CORNER RADIUS (INCH) : .200
BLOCKAGE LENGTH (INCH): .890

AXIAL HEAT FLUX DISTRIBUTION : NON-UNIFORM
NUMBER OF AXIAL HEAT FLUX DISTRIBUTION POINTS: 20

NORMALIZED DISTRIBUTION (X,Y) :

.000 .561 .114 .701 .13,7 .713 .180 .725 .257 .760

.311 .795 .449 .912 .569 1.064 .665 1.216 .748 1.379

.778 1.426 .808 1.473 .838 1.480 .856 1.473 .880 1.442

.898 1.403 .922 1.316 .946 1.169 .988 .818 1.000 .748

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

149.500 143.360 137.450 129.160

NUMBER OF GRIDS: 11 LOSS COEFF. GRID-TYPE 1 : 1.083
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 2.61 1 16.81 1 31.01 1 45.21 1 59.41 1 73.61
4

1 87.81 1 102.01 1 116.21 1 130.41 1 144.61

ROD PATTERN
|

1 2 3 4 5
14 15 16 17 6
13 20 21 18 7
12 19 0 0 8
11 10 0 0 9

RADIAL POWER DISTRIBUTION:

.987 .986 .988 .987 .988

.990 .989 .992 .988 .986

.988 1.073 1.069 1.072 .988

.990 .985 .000 .000 .991

.987 .989 .000 .000 .986
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TEST SECTION NUMBER 68

TOTAL NUMBER OF RODS : 22
NUMBER OF HEATED RODS: 21
ROD PITCH (INCH) : .506 -

ROD DIAMETER (INCH) : .382
G.T. DIAMETER (INCH) : .980
HEATED LENGTH (INCH) : 150.000
ROD TO WALL GAP (INCH) : .123
FLOW AREA (SO. INCH) : 3.698
CONNER RADIUS (INCH) : .200
BLOCKAGE LENGTH (INCH): .890

AXIAL HEAT FLUX DISTRIBUTION : NON-UNIFORM
NUMBER OF AXIAL IIEAT FLUX DISTRIBUTION POINTS: 19

NORMALIZED DISTRIBUTION (X,Y) :

.000 .400 .054 .400 .125 .655 .180 .842 .240 1.029

.287 1.169 .341 1.285 .419 1.414 .449 1.442 .479 1.466

.509 1.472 .539 1.461 .569 1.438 .599 1.403 .659 1.286

.749 1.052 .838 .771 .943 .400 1.000 .400

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

143.360 129.160 114.960 100.760 86.560 72.360

NUMBER OF GRIDS: 11 LOSS COEFF. GRID TYPE 1 : 1.430
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 2.61 1 16.81 1 31.01 1 45.21 1 59.41 1 73.61
1 87.81 1 102.01 1 116.21 1 130.41 1 144.61

ROD PATTERN

1 2 3 4 5
14 15 16 17 6
13 20 21 18 7
12 19 0 0 8
11 10 0 0 9

RADIAL POWER DISTRIBUTION:

.965 .968 .975 .968 .971

.968 .969 .968 .969 .964

.965 1.199 1.193 1.193 .969

.964 .969 .000 .000 .968

.963 .973 .000 .000 .973
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TEST SECTION NUMBER 71

1

TOTAL NUMBER OF RODS : 22
NUMBER OF HEATED RODS: 21
ROD PITCH (INCH) : .506
ROD DIAMETER (INCH) : .382
G.T. DIAMETER (INCH) : .980
HEATED LENGTH (INCH) : 150.000
ROD TO WALL GAP (INCH) : .123
FLOW AREA ( SO . INCH) : 3.698
CORNER RADIUS (INCH) : .200
BLOCKAGE LENGTH (INCH): .980

AXIAL HEAT FLUX DISTRIBUTION : NON-UNIFORM
NUMBER OF AXIAL HEAT FLUX DISTRIBUTION POINTS: 20

NORMALIZED DISTRIBUTION (X,Y) :

.000 .561 .114 .701 .137 .713 .180 .725 .257 .760

.311 .795 .449 .912 .569 1.064 .665 1.216 .748 1.379

.778 1.426 .808 1.473 .838 1.480 .856 1.473 .880 1.442

.898 1.403 .922 1.316 .946 1.169 .988 .818 1.000 .748

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

149.500 143.360 137.450 129.160

NUMBER OF GRIDS: 11 LOSS COEFF. GRID TYPE 1 : 1.430
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 2 . 6.' 1 16.81 1 31.01 1 45.00 21 1.00 59 1.00
1 87.81 1 102.01 1 116.21 1 130.41 1 144.61

ROD PATTERN

1 2 3 4 5
14 15 16 17 6
13 20 21 18 7
12 19 0 0 8
11 10 0 0 9

RADIAL POWER DISTRIBUTION:

.989 .985 .990 .989 .989

.989 .990 .980 .989 .986

.994 1.073 1.069 1.073 .990

.987 .987 .000 .000 .992

.987 .989 .000 .000 .981
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TEST SECTION NUMBER 108

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .555
ROD DIAMETER (INCH) : .422
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 96.000
ROD TO WALL GAP (INCH) : .153
FLOW AREA (SQ. INCH) : 3.489
CORNER RADIUS (INCH) : .000

AXIAL HEAT FLUX DISTRIBUTION : NON-UNIFORM
NUMBER OF AXIAL HEAT FLUX DISTRIBUTION POINTS: 28

NORMALIZED DISTRIBUTION (X,Y) :

.000 .358 .052 .359 .104 .400 .156 .458 .208 .567

.260 .683 .313 .833 .365 .992 .417 1.133 .469 1.258

.495 1.305 .521 1.350 .547 1.410 .573 1.467 .599 1.522

.625 1.592 .651 1.640 .677 1.658 .703 1.640 .729 1.583

.755 1.510 .781 1.433 .833 1.233 .885 .993 .911 .815

.938 .633 .963 .520 1.000 .367

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

90.000 87.000 84.000 80.000 76.000 70.000

NUMBER OF GRIDS: 9 LOSS COEFF. GRID TYPE 1 : 1.200
TYPES OF GhIDS : 2 LOSS COEFF. GRID TYPE 2 : .570

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

3'.75 12 40.75 1 50.75 2 60.751 10.75 2 20.75 1 0
1 70.75 2 80.75 1 90.75

ROD PATTERN

1 2 3 4

12 13 14 5

11 16 15 6

10 9 8 7

RADIAL POWER DISTRIBUTION:

.952 .952 .952 .952

.952 1.145 1.145 .952

.952 1.145 1.145 .952

.952 .952 .952 .952
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TEST SECTION NUMBER 109
,

,

TOTAL NUMBER OF RODS : 9
NUMBER OF HEATED RODS: 9
ROD PITCH (INCH) : .658
ROD DIAMETER (INCH) : .500
G.T. DIAMETER -(INCH) : .000
HEATED LENGTH (INCH) : 168.000
ROD TO WALL GAP (INCH) : .184
FLOW AREA (SQ. INCH) : 3.003
CORNER RADIUS (INCH) : .000

AXIAL HEAT FLUX DISTRIBUTION : NON-UNIFORM
NUMBER OF AXIAL HEAT FLUX DISTRIBUTION POINTS: 27

NORMALIZED DISTRIBUTION (X,Y) :

.000 .480 .059 .480 .119 .520 .179 .595 .238 .695

.298 .825 .357 .960 .386 1.030 .412 1.100 .446 1.175

.476 1.240 .506 1.300 .536 1.360 .565 1.415 .595 1.475

.625 1.520 .655 1.560 .685 1.580 .714 1.565 .744 1.515

.774 1.450 .804 1.355 .833 1.240 .863 1.105 .893 .940

.963 .600 1.000 .480

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

162.000 158.000 152.000 142.000 138.000 132.000 122.000

NUMBER OF GRIDS: 17 LOSS COEFF. GRID TYPE 1 : 1.200
TYPES OF GRIDS : 2 LOSS COEFF. GRID TYPE 2 : .570

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 2.75 2 12.75 1 22.75 2 32.75 1 42.75 2 52.75
1 62.75 2 72.75 1 82.75 2 92.75 1 102.75 2 112.75
1 122.75 2 132.75 1 142.75 2 152.75 1 162.75

ROD PATTERN

1 2 3
8 9 4
7 6 5

RADIAL POWER DISTRIBUTION:

1.000 1.000 1.000
1.000 1.000 1.000
1.000 1.000 1.000
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TEST SECTION NUMBER 110

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: *16
ROD PITCH (INCH)- : .555
ROD DIAMETER (INCH) : .422
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 96.000
ROD TO WALL GAP (INCH): .153
FLOW AREA (SQ. INCH) : 3.489
CORNER RADIUS (INCH) : .000

l
I

AXIAL HEAT FLUX DISTRIBUTION : NON-UNIFORM
NUMBER OF AXIAL HEAT FLUX DISTRIBUTION POINTS: 28

NORMALIZED DISTRIBUTION (X,Y) :

.000 .358 .052 .359 .104 .400 .156 .458 .208 .567

.260 .683 .313 .833 .365 .992 .417 1.133 .469 1.258

.495 1.305 .521 1.350 .547 1.410 .573 1.467 .599 1.522

.625 1.592 .651 1.640 .677 1.658 .703 1.640 .729 1.583

.755 1.510 .781 1.433 .833 1.233 .885 .993 .911 .815

.938 .633 .963 .520 1.000 .367

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

90.000 87.000 84.000 80.000 76.000 70.000

NUMBER OF GRIDS: 9 LOSS COEFF. GRID TYPE 1 : .640
TYPES OF GRIDS : 2 LOSS COEFF. GRID TYPE 2 : .570

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 10.75 2 20.75 1 30.75 2 40.75 1 50.75 2 60.75
1 70.75 2 80.75 1 90.75

ROD PATTERN

1 2 3 4
12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DISTRIBUTION:

.951 .951 .951 .951

.951 1.146 1.146 .951

.951 1.146 1.146 .951

.951 .951 .951 .951
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TEST SECTION NUMBER 111

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .555
ROD DIAMETER (INCH) : .422
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 96.000
ROD TO WALL GAP (INCH) : .153
FLOW AREA (SO. INCH) : .3.489
CORNER RADIUS (INCH) : .000

AXIAL HEAT FLUX DISTRIBUTION : NON-UNIFORM
NUMBER OF AXIAL HEAT FLUX DISTRIBUTION POINTS: 28

NORMALIZED DISTRIBUTION (X,Y) :

.000 .358 .052 .359 .104 .400 .156 .458 .208 .567

.260 .683 .313 .833 .365 .992 .417 1.133 .469 1.258

.495 1.305 .521 1.350 .547 1.410 .573 1.467 .599 1.522

.625 1.592 .651 1.640 .677 1.658 .703 1.640 .729 1.583

.755 1.510 .781 1.433 .833 1.233 .885 .993 .911 .815
i .938 .633 .963 .520 1.000 .367

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

90.000 87.000 84.000 80.000 76.000 70.000

NUMBER OF GRIDS: 9 LOSS COEFF. GRID TYPE 1 : .640
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 10.75 1 20.75 1 30.75 1 40.75 1 50.75 1 60.75
; 1 70.75 1 80.75 1 90.75

|

ROD PATTERN

1 2 3 4

12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DISTRIBUTION:
!

j .951 .951 .951 .951
i .951 1.146 1.146 .951
j .951 1.146 1.146 .951

| .951 .951 .951 .951
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TEST SECTION NUMBER 131

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .555
ROD DIAMETER (INCH) : .422
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 168.000
ROD TO WALL GAP (INCH) : .102
FLOW AREA (SQ. INCH) : 3.052
CORNER RADIUS (INCH) : .000

AXIAL HEAT FLUX DISTRIBUTION : NON-UNIFORM
NUMBER OF AXIAL HEAT FLUX DISTRIBUTION POINTS: 22

NORMALIZED DISTRIBUTION (X,Y) :

.000 .540 .073 .577 .139 .638 .213 .724 .257 .798

.316- .896 .363 .994 .411 1.092 .440 1.153 .477 1.221

.528 1.300 .572 1.350 .602 1.374 .638 1.393 .660 1.386

.697 1.374 .734 1.337 .763 1.288 .800 1.215 .837 1.129

.881 1.006 1.000 .589

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

.

152.000 148.000 142.000 136.000 129.000 122.000

NUMBER OF GRIDS: 13 LOSS COEFF. GRID TYPE 1 : 1.400
TYPES OF GRIDS : 2 LOSS COEFF. GRID TYPE 2 : .570

GRID TYPES AND GRID LOCATION:
(DISTANCE PROM INLET (INCH) )

2 6.00 1 19.00 2 32.00 1 45.00 2 53.00 1 71.00
2 84.00 1 97.00 2 110.00 1 123.00 2 136.00 1 149.00
2 162.00

ROD PATTERN

1 2 3 4
12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DISTRIBUTION:

.959 .959 .958 .962

.960 1.121 1.122 .960

.960 1.121 1.121 .961

.960 .960 .959 .958
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TEST SECTION NUMBER 132
r

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .555
ROD DIAMETER (INCH) : .422
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 168.000
ROD TO WALL GAP (INCH): .102
FLOW AREA (SQ. INCH) : 3.052
CORNER RADIUS (INCH) : .000

AXIAL HEAT FLUX DISTRIBUTION : NON-UNIFORM
NUMBER OF AXIAL HEAT FLUX DISTRIBUTION POINTS: 22

NORMALIZED DISTRIBUTION (X,Y) :

.000 .540 .073 .577 .139 .638 .213 .724 .257 .798

.316 .896 .363 .994 .411 1.092 .440 1.39' .477 1.221

.528 1.300 .572 1.350 .602 1.374 .638 1.393 .660 1.386

.697 1.374 .734 1.337 .763 1.288 .800 1.216 .837 1.129

.881 1.006 1.000 .589

THERMOCOUPLE LOCATIONS :
*

(DISTANCE FROM INLET (INCH) )

152.000 148.000 142.000 136.000 129.000 122.000

NUMBER OF GRIDS: 17 LOSS COEFF. GRID TYPE 1 : 1.400
TYPES OF GRIDS : 2 LOSS COEFF. GRID TYPE 2 : .570

GRID TYPES AND GRID LOCATION:
*

(DISTANCE FROM INLET (INCH) )

( 2 3.00 1 13.00 2 23.00 1 33.00 2 43.00 1 53.00

| 2 63.00 1 73.00 2 83.00 1 93.00 2 103.00 1 113.00
2 123.00 1 133.00 2 143.00 1 153.00 2 163.00

ROD PATTERN

1 2 3 4
12 13 14 5
11 16 15 6

l 10 9 8 7

| RADIAL POWER DISTRIBUTION:
(

.959 .959 .958 .962

.960 1.121 1.122 .960

.960 1.121 1.121 .961

.960 .960 .959 .958
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TEST SECTION NUMBER 133

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .555
ROD DIAMETER (INCH) : .422
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 168.000
ROD TO WALL GAP (INCH) : .106
FLOW AREA (SQ. INCH) : 3.052
CORNER RADIUS (INCH) : .000

AXIAL HEAT FLUX DISTRIBUTION : NON-UNIFORM
NUMBER OF AXIAL HEAT FLUX DISTRIBUTION POINTS: 22

NORMALIZED DISTRIBUTION (X,Y) :

.000 .540 .073 .577 .139 .638 .213 .724 .257 .798

.316 .896 .363 .994 .411 1.092 .440 1.153 .477 1.221

.528 1.300 .572 1.350 .602 1.374 .638 1.393 .660 1.386

.697 1.374 .734 1.337 .763 1.288 .800 1.215 .837 1.129

.881 1.006 1.000 .589

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

152.000 148.000 142.000 136.000 129.000 122.000

NUMBER OF GRIDS: 13 LOSS COEFF. GRID TYPE 1 : 1.400
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 6.00 1 19.00 1 32.00 1 45.00 1 58.00 1 71.00

1 84.00 1 97.00 1 110.00 1 123.00 1 137.00 1 149.00
1 162.00

ROD PATTERN

1 2 3 4

12 13 14 5

11 16 15 6

10 9 8 7

RADIAL POWER DISTRIBUTION:

.959 .959 .958 .961

.960 1.120 1.121 .960

.960 1.121 1.124 .961

.960 .960 .959 .958

A-27



|

|

TEST SECTION NUMBER 134

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .555
ROD DIAMETER (INCH) : .422
G.T. DIhMETER (INCH) : .000
HEATED LENGTH (INCH) : 168.000
ROD TO WALL GAP (INCH): .106
FLOW AREA (SO. INCH) : 3.052
CORNER RADIUS (INCH) : .000

AXIAL HEAT FLUX DISTRIBUTION : NON-UNIFORM
NUMBER OF AXIAL HEAT FLUX DISTRIBUTION POINTS: 22

NORMALIZED DISTRIBUTION (X,Y) :

.000 .540 .073 .577 .139 .638 .213 .724 .257 .798

.316 .896 .363 .994 .411 1.092 .440 1.153 .477 1.221

.528 1.300 .572 1.350 .602 1.374 .638 1.393 .660 1.386

.697 1.374 .734 1.337 .763 1.288 .800 1.215 .837 1.129

.881 1.006 1.000 .589

THERMOCOUPLF. LOCATIONS :
(DISTANCE FROM INLET (INCH) )

152.000 148.000 142.000 136.000 129.000 122.000

NUMBER OF GRIDS: 10 LOSS COEFF. GRID TYPE 1 : 1.400
TYPES OF GRIDS : 2 LOSS COEFF. GRID TYPE 2 : .570

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

2 11.00 1 27.00 2 43.00 1 59.00 2 75.00 1 91.00
2 107.00 1 123.00 2 139.00 1 155.00,

l

ROD PATTERN

| 1 2 3 4
12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DISTRIBUTION:

| .959 .960 .958 .960
.960 1.121 1.121 .960
.960 1.123 1.123 .960

| .959 .958 .959 .960

.
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TEST SECTION NUMBER 141

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .555
ROD DIAMETER (INCH) : .422

G.T. DIAMETER (INCH) : .000
HEATED LENGTH IINCH) : 96.000
ROD TO WALL GAP (INCH) : .153

FLOW AREA (SQ. INCH) : 3.489
CORNER RADIUS (INCH) : .000

AXIAL HEAT FLUX DISTRIBUTION : NO'l 'XIFORM
NUMBER OF AXIAL HEAT FLUX DISTRIr<110N POINTS: 24

NORMALIZED DISTRIBUTION (X,Y) :

.000 .310 .052 .450 .104 .610 .156 .780 .208 .920

.260 1.080 .313 1.200 .365 1.320 .417 1.400 .469 1.460

.510 1.480 .521 1.480 .573 1.450 .604 1.410 .625 1.380

.667 1.300 .729 1.160 .771 1.060 .813 .950 .833 .875

.844 .840 .875 .740 .938 .530 1.000 .310

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

84.000 81.000 78.000 74.000 64.000 58.000

NUMBER OF GRIDS: 9 LOSS COEFF. GRID TYPE 1 : 1.820
TYPES OF GRIDS : 2 LOSS COEFF. GRID TYPE 2 : .570

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

2 4.75 1 14.75 2 24.75 1 34.75 2 44.75 1 54.75

2 64.75 1 74.75 2 84.75

ROD PATTERN

1 2 3 4

12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DISTRIBUTION:

.958 .958 .958 .958

.958 1.127 1.127 .958

.958 1.127 1.127 .958

.958 .958 .958 .958
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TEST SECTION NUMBER 146
|
|

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16

4

ROD PITCH (INCH)- : .555
ROD DIAMETER (INCH) : .422
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 168.000
ROD TO WALL GAP (INCH): .106
FLOW AREA (SO. INCH) : 3.052
CORNER RADIUS (INCH) : .000

AXIAL HEAT FLUX DISTRIBUTION : NON-UNIFORM
NUMBER OF AXIAL HEAT FLUX DISTRIBUTION POINTS: 22

NORMALIZED DISTRIBUTION (X,Y) :

.000 .540 .073 .577 .139 .638 .213 .724 .257 .798

.316 .896 .363 .994 .411 1.092 .440 1.153 .477 1.221

.528 1.300 .572 1.350 .602 1.374 .638 1.393 .660 1.386

.697 1.374 .734 1.337 .763 1.288 .800 1.215 .837 1.129

.881 1.006 1.000 .589

THERMOCOUPLE LOCATIONS :
,

(DISTANCE FROM INLET (INCH) )

152.000 148.000 144.000 136.000 129.000 122.000

NUMBER OF GRIDS: 13 LOSS COEFF. GRID TYPE 1 : 1.900
TYPES OF GRIDS : 2 LOSS COEFF. GRID TYPE 2 : .570

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

2 6.00 1 19.00 2 32.00 1 45.00 2 58.00 1 71.00
2 84.00 1 97.00 2 110.00 1 123.00 2 136.00 1 149.00
2 162.00

ROD PATTERN

1 2 3 4
12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DISTRIBUTION:

.958 .958 .958 .958

.958 1.127 1.127 .958

.958 1.127 1.127 .958

.958 .958 .958 .958
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TEST SECTION NUMBER 147

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .555
ROD DIAMETER (INCH) : .422
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 168.000
ROD TO WALL GAP (INCH): .106

FLOW AREA (SQ . INCH) : 3.052
CORNER RADIUS (INCH) : .000

AXIAL HEAT FLUX DISTRIBUTION : NON-UNIFORM
NUMBER OF AXIAL HEAT FLUX DISTRIBUTION POINTS: 22

NORMALIZED DISTRIBUTION (X,Y) :

.000 .540 .073 .577 .139 .638 .213 .724 .257 .798

.316 .896 .363 .994 .411 1.092 .440 1.153 .477 1.221

.528 1.300 .572 1.350 .602 1.374 .638 1.393 .660 1.386

.697 1.374 .734 1.337 .763 1.288 .800 1.215 .837 1.129

.881 1.006 1.000 .589

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

152.000 148.000 142.000 136.000 129.000 122.000

NUMBER OF GRIDS: 13 LOSS COEFF. GRID TYPE 1 : 1.710
TYPES OF GRIDS : 2 LOSS COEFF. GRID TYPE 2 : .570

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

2 6.00 1 19.00 2 32.00 1 45.00 2 58.00 1 71.00

2 84.00 1 97.00 2 110.00 1 123.00 2 136.00 1 149.00

2 162.00

ROD PATTERN

1 2 3 4

12 13 14 5

11 16 15 6

10 9 8 7

RADIAL POWER DISTRIBUTION: i

.959 .960 .958 .960

.960 1.121 1.121 .960 i

I

.960 1.123 1.123 .960

.959 .958 .959 .960

I
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TEST SECTION NUMBER 162

TOTAL NUMBER OF RODS : 25
NUMBER OF HEATED RODS: 24
ROD PITCH (INCH) : .496
ROD DIAMETER (INCH) : .374
G.T. DIAMETER (INCH) : .485
HEATED LENGTH (INCH) : 168.000
ROD TO WALL GAP (INCH): .100
FLOW AREA (SQ. INCH) : 3.721
CORNER RADIUS (INCH) : .000

AXIAL HEAT FLUX DISTRIBUTION : NON-UNIFORM
NUMBER OF AXIAL HEAT FLUX DISTRIBUTION POINTS: 27

NORMALIZED DISTRIBUTION (X,Y) :

.000 .390 .032 .416 .064 .475 .097 .543 .129 .619

.193 .819 .258 1.048 .322 1.250 .354 1.353 .387 1.440

.419 1.505 .432 1.527 .451 1.544 .483 1.548 .515 1.544

.541 1.535 .562 1.505 .580 1.483 .612 1.418 .662 1.287

.771 .939 .831 .743 .870 .612 .908 .525 .941 .460

.967 .427 1.000 .416

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

134.000 123.500 112.000 101.500 90.000

NUMBER OF GRIDS: 15 LOSS COEFF. GRID TYPE 1 : 1.250
TYPES OF GRIDS : 2 LOSS COEFF. GRID TYPE 2 : .570

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

| 1 3.00 2 14.00 1 25.00 2 36.00 1 47.00 2 58.00
1 69.00 2 80.00 1 91.00 2 102.00 1 113.00 2 124.00
1 135.00 2 146.00 1 157.00

ROD PATTERN

1 2 3 4 5
16 17 18 19 6
15 24 25 20 7
14 23 22 21 8
13 12 11 10 9

|
|

RADIAL POWER DISTRIBUTION:

.951 .950 .951 .951 .951

.950 1.099 1.099 1.099 .951
( .950 1.099 .000 1.099 .951

.950 1.099 1.099 1.099 .951

.951 .950 .951 .950 .951
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TEST SECTION NUMBER 164

TOTAL NUMBER OF RODS : 25
NUMBER OF HEATED RODS: 25
ROD PITCH (INCH) : .496
ROD DIAMETER (INCH) : .374
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 168.000
ROD TO WALL GAP (INCH): .100

FLOW AREA (SQ. INCH) : 3.796
CORNER RADIUS (INCH) : .000

AXIAL HEAT FLUX DISTRIBUTION : NON-UNIFORM
NUMBER OF AXIAL HEAT FLUX DISTRIBUTION POINTS: 27

NORMALIZED DISTRIBUTION (X,Y) :

.000 .390 .032 .416 .064 .475 .097 .543 .129 .619

.193 .819 .258 1.048 .322 1.250 .354 1.353 .387 1.440

.419 1.505 .432 1.527 .451 1.544 .483 1.548 .515 1.544

.541 1.535 .562 1.505 .580 1.483 .612 1.418 .662 1.287

.771 .939 .831 .743 .870 .612 .908 .525 .941 .460

.967 .427 1.000 .416

THERMOCOUPLE LOCATIONS :
'

(DISTANCE FROM INLET (INCH) )

134.000 123.500 112.000 101.500 90.000

NUMBER OF GRIDS: 15 LOSS COEFF. GRID TYPE 1 : 1.250
TYPES OF GRIDS : 2 LOSS COEFF. GRID TYPE 2 : .570

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 3.00 2 14.00 1 25.00 2 36.00 1 47.00 2 58.00

1 69.00 2 80.00 1 91.00 2 102.00 1 113.00 2 124.00

1 135.00 2 146.00 1 157.00

ROD PATTERN

1 2 3 4 5

16 17 18 19 6

15 24 25 20 7
14 23 22 21 8

13 12 11 10 9

RADIAL POWER DISTRIBUTION:

.946 .948 .947 .947 .946

.948 1.095 1.095 1.095 .946

.946 1.095 1.095 1.095 .949

.946 1.095 1.095 1.095 .946

.946 .947 .946 .946 .946
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TEST SECTION NUMBER 301

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .738
ROD DIAMETER (INCH) : .563
G.T. DIAMETER (INCH) : 000
HEATED LENGTH (INCH) : 72.000
ROD TO WALL GAP (INCH): .133
FLOW AREA (SO. INCH) : 5.128
CORNER RADIUS (INCH) : .410

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

71.500

NUMBER OF GRIDS: 7 LOSS COEFF. GRID TYPE 1 : .800
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 5.50 1 15.00 1 24.50 1 34.00 1 43.50 1 53.00
1 62.50

ROD PATTERN

1 2 3 4
12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DISTRIBUTION:

1.010 .995 .998 .995
1.002 .998 1.018 .997
1.008 1.000 .995 .990
1.002 .997 1.000 1.000

A-34
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TEST SECTION NUMBER 302

TOT / L NUMBER OF RODS : 16
NUNBER OF HEATED RODS: 16
ROD PITCH (INCH) : .738
ROD DIAMETER (INCH) : .563
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 72.000
ROD TO WALL GAP (INCH): .133
FLOW AREA (SO. INCH) : 5.128
CORNER RADIUS (INCH) : .410

AXI AL HEAT FLUX DISTRIBUTION : UNIFORM |

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

71.500

NUMBER OF GRIDS: 4 LOSS COEFF. GRID TYPE 1: 1.470
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 8.00 1 17.50 1 37.00 1 56.50

ROD PATTERN

1 2 3 4
12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DISTRIBUTION:

1.002 .988 1.004 1.004
.988 1.004 .988 1.013

1.006 .993 1.003 .996
j 1.015 .988 1.003 1.006
!
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TEST SECTION NUMBER 303

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .738
ROD DIAMETER (INCH) : .563
G.T. DIAMETER (INCH) : .000

HEATED LENGTH (INCH) : 72.000
ROD TO WALL GAP (INCH): .133

FLOW AREA (SO. INCH) : 5.128
CORNER RADIUS (INCH) : .410

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

71.500

NUMBER OF GRIDS: 3 LOSS COEFF. GRID TYPE 1: 1.470
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 14.50 1 34.00 1 53.50

ROD PATTERN

1 2 3 4
12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DISTRIBUTION:

1.002 .989 1.004 1.004
.989 1.004 .989 1.005

1.006 .994 1.003 .996
1.016 .989 1.003 1.006'

l

L
|

\
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TEST SECTION NUMBER 305

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .738
ROD DIAMETER (INCH) : .563
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 72.000
ROD TO WALL GAP (INCH): .133
FLOW AREA (SQ. INCH) : 5.128
CORNER RADIUS (INCH) : .410

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

71.500

NUMBER OF GRIDS: 3 LOSS COEFF. GRID TYPE 1 : 1.470
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 14.50 1 34.00 1 53.50

ROD PATTERN

1 2 3 4
12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DISTRIBUTION:

.755 .991 .991 .755

.991 1.263 1.263 .991

.991 1.263 1.263 .991

.755 .991 .991 .755

,
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TEST SECTION NUMBER 306

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .738
ROD DIAMETER (INCH) : .563
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 72.000
ROD TO WALL GAP (INCH): .137
FLOW AREA (SO. INCH) : 5.208
CORNER RADIUS (INCH) : .400

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

71.500

NUMBER OF GRIDS: 3 LOSS COEFF. GRID TYPE 1 : 1.470
j TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 14.87 1 34.37 1 53.87

ROD PATTERN

1 2 3 4
12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DISTRIBUTION:

1.000 1.000 1.000 1.000
1.000 1.000 1.000 1.000

i 1.000 1.000 1.000 1.000
1.000 1.000 1.000 1.000

i
i
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TEST SECTION NUMBER 307

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .738
ROD DIAMETER (INCH) : .563
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 48.000
ROD TO WALL GAP (INCH): .137
FLOW AREA (SO. INCH) : 5.208
CORNER RADIUS (INCH) : .400

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

47.500

NUMBER OF GRIDS: 2 LOSS COEFF. GRID TYPE 1 : 1.470
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 10.37 1 29.87

ROD PATTERN

1 2 3 4

12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DISTRIBUTION:

1.000 1.000 1.000 1.000
1.000 1.000 1.000 1.000
1.000 1.000 1.000 1.000
1.000 1.000 1.000 1.000
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TEST SECTION NUMBER 307.1

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .738
ROD DIAMETER (INCH) : .563
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 48.000
ROD TO WALL GAP (INCH): .137
FLOW AREA (S O. INCH) : 5.208
CORNER RADIUS (INCH) : .400

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

47.500

NUMBER OF GRIDS: 2 LOSS COEFF. GRID TYPE 1: 1.470
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 10.37 1 29.87

ROD PATTERN

1 2 3 4
12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DISTRIBUTION:

1.000 1.000 1.000 1.000
1.000 1.000 1.000 1.000

| 1.000 1.000 1.000 1.000
( 1.000 1.000 1.000 1.000

|

|
|
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TEST SECTION NUMBER 308

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .738
ROD DIAMETER (INCH) : .563
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 72.000
ROD TO WALL' GAP (INCH) : .137
FLOW AREA (SO. INCH) : 5.208
CORNER RADIUS (INCH) : .400

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

71.500

NUMBER OF GRIDS: 3 LOSS COEFF. GRID TYPE 1 : 1.470
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 14.87 1 34.37 1 53.87

ROD PATTERN

1 2 3 4
12 13 14 5
11 16 15 6
10 9 8 7

|

RADIAL POWER DISTRIBUTION:
i

1.210 1.110 1.110 .940
1.110 .940 .940 .940
1.110 .940 .940 .930
.940 .940 .940 .940

!
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TEST SECTION NUMBER 309

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .738
ROD DIAMETER (INCH) : .563
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 72.000
ROD TO WALL GAP (INCH): .137
FLOW AREA (SQ. INC H) : 5.208
CORNER RADIUS (INCH) : .400

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

71.500
,

NUMBER OF GRIDS: 3 LOSS COEFF. GRID TYPE 1 : 1.470
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 14.87 1 34.37 1 53.87

ROD PATTERN

1 2 3 4
12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DIST.'IBUTION:.

.940 .940 1.!00 .940

.940 1.210 .C40 1.100
1.110 .950 .950 .940
.940 1.100 .940 .940
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TEST SECTION NUMBER 310

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .738
ROD DIAMETER (INCH) : .563
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCII) : 72.000
ROD TO WALL GAP (INCH): .137
FLOW AREA (S Q. INCH) : 5.208
CORNER RADIUS (INCH) : .400

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

71.500

NUMBER OF GRIDS: 3 LOSS COEFF. GRID TYPE 1 : 1.470
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 14.87 1 34.37 1 53.87

ROD PATTERN

1 2 3 4

12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DISTRIBUTION:

1.610 1.610 1.130 .950

1.610 1.220 .950 .660

1.110 .950 .660 .650

.950 .660 .650 .650
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TEST SECTION NUMBER 311

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .738
ROD DIAMETER (INCH) : .563
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 72.000
ROD TO WALL GAP (INCH): .137
FLOW AREA (SO. INCH) : 5.232
CORNER RADIUS (INCH) : .400

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS : '
(DISTANCE FROM INLET (INCH) )

71.500

NUMBER OF GRIDS: 3 LOSS COEFF. GRID TYPE 1 : 1.470
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 14.87 1 34.37 1 53.87

ROD PATTERN

1 2 3 4
12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DISTRIBUTION:

1.000 1.000 1.000 1.000
1.000 1.000 1.000 1.000
1.000 1.000 1.000 1.000
1.000 1.000 1.000 1.000
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TEST SECTION NUMBER 312

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .738
ROD DIAMETER (INCH) : .563
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 72.000
ROD TO WALL GAP (INCH): .137
FLOW AREA (SO. INCH) : 5.232
CORNER RADIUS (INCH) : .400

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

71.500

NUMBER OF GRIDS: 3 LOSS COEFF. GRID TYPE 1 : 1.470
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 14.87 1 34.37 1 53.87

ROD PATTERN

1 2 3 4

12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DISTRIBUTION:

1.271 1.271 1.041 .897
1.271 1.041 .897 .897
1.041 .897 .897 .897

.897 .897 .897 .897
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TEST SECTION NUMBER 313

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .738
ROD DIAMETER (INCH) : .563
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 72.000
ROD TO WALL GAP (INCH): .137
FLOW AREA (SQ. INCH) : 5.232
CORNER RADIUS (INCH) : .400

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

71.500

NUMBER OF GRIDS: 7 LOSS COEFF. GRID TYPE 1: .800
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 5.50 1 15.00 1 24.50 1 34.00 1 43.50 1 53.00
1 62.50

ROD PATTERN

1 2 3 4
12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DISTRIBUTION:

.988 .993 1.002 1.015

.990 .997 1.019 1.002
1.002 1.009 .998 .996
.988 1.005 1.006 .989

i
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TEST SECTION NUMBER 314

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .738
ROD DIAMETER (INCH) : .563
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 72.000
ROD TO WALL GAP (INCH): .137
FLOW AREA (SO. INCH) : 5.232
CORNER RADIUS (INCH) : .400

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

71.500

NUMBER OF GRIDS: 3 LOSS COEFF. GRID TYPE 1 : 1.470
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 14.87 1 34.37 1 53.87

ROD PATTERN

1 2 3 4
12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DISTRIBUTION:

1.285 1.285 1.085 .889
1.285 1.085 .889 .889
1.085 .889 .889 .889
.889 .889 .889 .889
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TEST SECTION NUMBER 315

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .738
ROD DIAMETER (INCH) : .563
G.T. DIAMETER (INCH) : .000
EUATED LENGTH (INCH) : 72.000
ROD TO WALL GAP (INCH): .137
FLOW AREA (SO. INCH) : 5.232
CORNER RADIUS (INCH) : .400

AXIAL HEAT FLUX DISTRIBUTION ; UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

71.500

NUMBER OF GRIDS: 3 LOSS COEFF. GRID TYPE 1 : 1.470
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 14.87 1 34.37 1 53.87

ROD PATTERN

1 2 3 4

12 13 14 5
11 16 15 6

' 10 9 8 7

RADI AL POWER DISTRIBUTION:

.992 .990 .989 1.018

.992 1.005 .993 .999
1.001 1.014 1.001 .999
.990 1.004 1.003 1.008

|
|

!
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TEST SECTION NUMBER 316

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .738

ROD DIAMETER (INCH) : .563
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 72.000
ROD TO WALL GAP (INCH): .137
FLOW AREA (SO. INCH) : 5.232
CORNER RADIUS (INCH) : .400

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

71.500

NUMBER OF GRIDS: 3 LOSS COEFF. GRID TYPE 1 : 1.470
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 14.87 1 34.37 1 53.87

ROD PATTERN

1 2 3 4

12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DISTRIBUTION:

.992 .990 .989 1.018

.992 1.005 .993 .999
1.001 1.014 1.001 .999
.990 1.004 1.003 1.008
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TEST SECTION NUMBER 316.1

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .738
ROD DIAMETER (INCH) : .563
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 72.000
ROD TO WALL GAP (INCH): .137-
FLOW AREA (SO. INCH) : 5.232
CORNER RADIUS (INCH) : .400

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

71.500

NUMBER OF GRIDS: 3 LOSS COEFF. GRID TYPE 1 : 1.470
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 14.87 1 34.37 1 53.87

ROD PATTERN

1 2 3 4

12 13 14 5
11 16 15 6
10 9 8 7'

|

| RADIAL POWER DISTRIBUTION:

.992 .990 .989 1.018

.992 1.005 .993 .999
1.001 1.014 1.001 .999
.990 1.004 1.003 1.008

f

I
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TEST SECTION NUMBER 318

TOTAL NUMBER OF RODS : 16
NUMBER OF HEATED RODS: 16
ROD PITCH (INCH) : .738
ROD DIAMETER (INCH) : .563
G.T. DIAMETER (INCH) : .000
HEATED LENGTH (INCH) : 72.000
ROD TO WALL GAP (INCH): .137
FLOW AREA (SO. INCH) : 5.232
CORNER RADIUS (INCH) : .400

AXIAL HEAT FLUX DISTRIBUTION : UNIFORM
e

THERMOCOUPLE LOCATIONS :
(DISTANCE FROM INLET (INCH) )

71.500

NUMBER OF GRIDS: 3 LOSS COEFF. GRID TYPE 1 : 1.470
TYPES OF GRIDS : 1

GRID TYPES AND GRID LOCATION:
(DISTANCE FROM INLET (INCH) )

1 14.87 1 34.37 1 53.87

ROD PATTERN

1 2 3 4

12 13 14 5
11 16 15 6
10 9 8 7

RADIAL POWER DISTRIBUTION:

.922 .928 .932 .940

.929 1.232 1.204 .920

.922 1.221 1.230 .929

.928 .931 .915 .917
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APPENDIX - B

TYPICAL TEST CONDITIONS FOR

CHF TESTS FROM THREE DATA SETS



TEST SECTION NUMBER 13

SRL RUN PRESS TEMP G(AVE) Q(AVE) CHF RODS

1 13 2300. 618.0 2.030 374 24.0 19 0
2 14 2005. 603 0 2.007 357 24.0
3 15 1800. 602.0 2.007 331 18.0 19.0 24.0
4 16 2300. 592.0 2.021 .429 24.0
5 17 2000. 574.0 1.995 .428 24.0
6 18 1810. 573 0 2.014 394 24.0
7 M 2300. 575.0 2.064 .479 24.0 23 0
8 '4 2005. 560.0 2.008 .460 24.0
9 1805. 561.0 1.975 .411 24.0''

10 22 2290. 562.0 1.988 .491 24.0
2000. 531.0 1.942 .512 24.0"11

12 da 1813 531.0 1 961 .489 24.0
13 25 2329 625.0 2.949 .471 24.0
14 26 2315 614.0 3.010 507 24.0 23.0m

1. 15 27 2010. 613 0 2.988 .435 19 0 24.0
16 28 1805. 605.0 2 916 392 24.0

17 29 2327 605.0 3 004 .543 24.0 23.G
18 30 2005 603 0 2 997 .462 24.0 19.0
19 31 2317 601.0 3 005 .542 23 0 24.0
20 32 1985 589 0 3 019 .518 24.0 19 0 23 0
21 33 1805. 590.0 3 008 .449 24.0
22 34 1815. 580.0 2.982 .478 24.0

23 35 2005 579 0 3 014 .538 24.0
24 36 1815. 565.0 3 002 .526 24.0
25 37 2315. 570.0 1.033 303 24.0
26 38 2010. 572.0 1.001 .294 24.0 19 0 18.0 17 0
27 39 1815. 569.0 1.002 .295 19.0
28 40 2305. 538.0 1.022 334 24.0

29 41 1934. 540.0 1.007 333 24.0
;

30 42 1795 539 0 998 329 19.0
31 43 2295e 536.0 2.001 .538 24.0

32 44 2010. 510.0 1.981 .553 24.0
33 45 1790. 505.0 1.979 .533 24.0
34 46 2305. 502.0 1.014 371 24.0

35 47 2020. 504.0 1.001 367 24.0



_ _ _ _ _ _ _ - _ - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _

TEST SECTION NUMBER 13 (CONTINUED)

SRL RUN PRESS TEMP G(AVE) Q(AVE) CHF RODS

36 48 1790. 500.0 1.003 386 17.0 18.0 19 0
37 49 2285. 472.0 993 .401 24.0
38 50 1985 472.0 990 390 24.0
39 51 1810. 472.0 980 379 17.0 24.0
40 52 1405. 577.0 1.998 363 19.0 24.0-
41 53 1395 568.0 1 976 383 19.0 24.0
42 54 1405. 533 0 1.993 .421 19.0
43 55 1410. 512.0 1.988 .466 19.0
44 56 905. 515.0 1 961 .482 24.0 19 0
45 57 915. 502.0 1.999- .508 19.0 24.0
46 58 895 489.0 1.969 .524 24.0
47 67 1440. 564.0 2.864 .438 19.0
48 68 1410. 552.0 3 017 .469 19.0
49 69 1400. 545.0 3.008 .479 19.0 <m

A, 50 70 1395. 560.0 1.031 321 24.0 19 0
51 71 1410. 521.0 992 351 24.0
52 72 900. 514.0 969 .404 24.0 19 0
53 73 1405. 477.0 997 .406 24.0
54 74 900. 477 0 993 .437 24.0
55 75 905. 441.0 .983 .476 24.0
56 76 610. 463 5 952 .424 24.0 19 0
57 77 625. 439.0 991 .456 24.0
58 78 605. 430.0 963 .459 24.0
59 79 1795. 500.0 986 366 19.0
60 80 2290. 530.0 .492 .239 17.0 24.0 18.0
61 81 1995. 532.0 .489 .247 19 0 17.0 24.0
62 82 1790. 531.0 .480 .248 24.0 19.0 17.0
63 83 2310. 488.0 .514 .270 24.0 17.0 19 0
64 84 1965. 490.0 .503 .275 19.0
65 85 1790. 490.0 502 .274 19.0 17 0 24.0
66 86 2290. 432.0 .504 303 24.0

,

67 87 2005. 430.0 . 495 312 17.0 24.0
68 88 1800. 432.0 .494 312 19.0 24.0 17.0
69 89 1415. 552.0 .487 .266 19.0 24.0
70 90 1400. 525.0 .489 .284 19 0 24.0



_ - .

TEST SECTION NUMBER 13 (CONTINUED)

SRL RUN PRESS TEMP G(AVE) Q(AVE) CHF RODS

71 91 1405 481.0 .497 311 19.0 24.0
72 92 905. 507.0 .505 314 17.0 18.0 19.0 24.0
73 93 900. (77.0 .513 339 17.0 18.0 19 0 24.0
74 94 900. 450.0 .492 347 18.0 24.0
75 95 605. 459 0 .487 322 17.0 18.0 19.0 24.0
76 96 600. 431.0 .499 338 17.0 18.0 24.0
77 97 605. 408.0 .490 354 17.C 18.0 24.0
78 98 2325. 425.0 314 .250 18.0 24.0
79 99 2000. 425.0 302 .265 24.0 19.0 17.0 18.0
80 100 1805. 424.0 311 .268 24.0 19.0 17.0
81 101 2325. 390.0 319 .265 18.0 24.0
82 102 2020. 387 0 319 .274 24.0 17.0 18.0 19.0

? 83 103 1800. 394.0 .299 .273 19.0 24.0 17.0
84 104 2325. 342.0 .291 .283 18.0 24.0 17.0 19 0 23 0"

85 105 2000. 347.0 .290 .26' 17.0 24.0 18.0
86 106 1800. 345.0 .290 .294 19 0 17.0 24.0 18.0
87 107 1395. 402.0 315 .291 19.0 24.0 17.0
88 108 900. 397.0 .297 .286 18.0 24.0 17.0
89 109 595. 403 0 322 .269 18.0 24.0 17.0
90 110 1400. 378.0 302 302 24.0 19.0 17.0 18.0 23 0
91 111 900. 372.0 .293 .288 18.0 24.0
92 112 600. 374.0 .292 .272 18.0 24.0 17.0 19.0
93 113 1415. 355.0 .297 307 19.0 24.0 17.0 18.0
94 114 910. 349.0 .297 .309 18.0 24.0 17.0 19.0
95 115 585 347.0 .288 .278 18.0 24.0
96 116 435. 426.0 .957 391 24.0 18.0 17.0
97 117 410. 402.0 1.010 .444 24.0
98 118 415. 388.0 976 .466 18.0 24.0
99 120 400. 411.0 488 310 17.0 18.0 24.0

100 121 405. 396.0 503 .323 18.0 24.0 17.0
101 122 410. 358.0 .498 346 18.0 24.0
102 123 221. 350.0 .491 .282 24.0 18.0 17 0
103 124 207 323.0 .498 .294 17.0 18.0 24.0
104 125 215 299.0 515 316 18.0 17.0 24.0
105 126 395. 394.0 315 .250 17.0 18.0 19.0 24.0

.
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i TEST SECTION NUMBER 13 (CONTINUED)

i

i SRL RUN PRESS TEMP G(AVE) Q(AVE) CHF RODS -'

, .

'
106 127 395 371.0 .283 .253 18.0.17.0 24.0
107 128 400. 329 0 .291 .271 18.0 17.0.19.0
108 129 205. 350.0 .250 .199 :17.0 18.0 19.0 20.0
109 130 200. 298.0 .286 .224 17.0 18.0 19 0 23 0 24.0
110 131 210. 275.0 .299 .252 17.0 18.0 19.0.24.04

!111 132 205. 265.0 . 106 .202 17.0 18.0 19 0 24.0'
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TEST SECTION NUMBER 59

SRL RUN PRESS TEMP G(AVE) Q(AVE) CHF RODS

1 15 2390. 624.5 1.991 .281 21 3
2 16 2195. 610.0 2.079 .296 21.3 21.2 18.2'

3 17 1995 605.5 2.072 .271 21.3
4 18 2400. 593 0 2.009 332 21 3
5 19 2195. 587.5 2.006 319 21.3
6 20 2005 580.0 2.023 310 21 3 20.2 21.2 18.2
7 21 2395 564.5 1 996 378 21.3
8 22 2195 562.0 2.021 358 21.3
9 23 1995 551.5 2.008 348 21.2

10 24 2395 526.5 2.009 .434 21 3
11 25 2215 529.5 1.986 .410 21 3 20.2
12 26 2005 521.0 1.993 390 21.2 20.2
13 27 2400. 605.5 2.449 378 21 3

5 14 28 2405. 626.5 2.968 395 21.3 21.4 18.4
m 15 29 2200. 620.0 3 042 377 21 3

16 30 2015. 603.0 2.998 370 21.3
17 31 2415 594.5 2.973 .476 21 3 18.4 21.4 18 3 18.2
18 32 2205. 594.5 3 041 .434 21 3
19 33 2200. 599 0 2.497 358 21 3
20 34 2015. 590.5 2.550 353 21 3
21 35 2000. 570.0 3.032 .436 21.3
22 36 2410. 558.5 2 995 544 21 3 15.2 ,

23 37 2200. 545.5 2.999 .542 21 3
24 38 2000. 538.0 2.974 .507 21 3
25 39 2415. 539.0 2.494 .512 21.3
26 40 1995 533 0 2.490 .483 21 3
27 41 2000. 527.5 2.484 .460 21 3 18.2
28 42 2415 528.5 2.999 .617 21.4 18.4 20.6 21 3 18.2 18.3
29 50 2400. 566.5 1.967 380 21 3 18.3
30 51 2195. 566.5 2.023 368 21 3 21.2 18 3
31 52 2395 584.0 1.513 .284 21.2 21 3 20.2 18 3
32 53 2200. 572.0 1.535 .284 21.2 20.2
33 54 2000, 561.0 1.556 .281 21.2 20.2
34 55 2400. 585.0 1.050 .210 21.2 20.2
35 56 2200. 579 5 1.027 .204 21.2 20.2 20 3 18.2

.-
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TEST SECTION NUMBER 59 (CONTINUED)

SRL RUN PRESS TEMP G(AVE) Q(AVE) CHF RODS

36 57 2000. 571.0 1.019 .209 21.2 20.2 20 3 '

37 58 2410. 544.0 1.012 .243 21.2 20.2
38 59 2200. 522.5 1.009 .242 21.2 20.2
39 60 2000. 523 0 1.008 .241 21.2
40 61 2405. 486.5 1.018 .291 21.2 20.2
41 62 2195 469 5 1.011 .284 21.2
42 63 2005. 465.0 1.008' .280 21.2
43 64 2405. 518.5 1.534 371 21 3 21.2 20.2
44 65 2205. 501.0 1.523 366 21.2 20.2
45 66 2005. 488.5 1.531 350 21.2
46 67 2415. 505.5 1 978 .469 21 3
47 68 2215. 501.5 1.962 450 21 3 21.2
48 69 2005. 487.5 1 992 .445 21.2

? 49 70 2405. 461.0 1 962 .532 21.3 20.2* 50 71 2215. 459.5 1 981 .517 21 3
51 72 2005. 457.0 1.982 .491 21.2 18.2
52 73 2405. 534.5 2.825 583 21 3
53 74 2210. 520.5 2.851 .576 21 3 18 3 18.2
54 75 2000. 510.0 2.870 .560 21 3 18.2 21.2
55 76 2405. 424.5 991 337 21.2 20.2 21 3 18.2
56 77 2190. 421.5 1.007 320 21.2
57 78 2415. 414.5 1.007 347 21.2 20.2 21 3 18.2
58 79 2015. 404.5 1.017 332 21.2
59 80 1755 395.0 1.016 336 21.2
60 81 1755. 386.5 1.015 345 21.2 20.2
61 82 1750. 450.5 1.002 .297 21.2
62 83 1755. 431.5 2.001 .492 21.2
63 84 1755. 470.5 1 968 .425 21.2
64 85 1755. 496.5 1.999 .400 21.2
65 86 1495. 494.5 1.989 .402 20 3 21 3
66 87 1745. 504.0 2.403 .446 21.2
67 88 2205. 510.5 2.879 .601 21 3
68 89 2010. 500.5 3 008 .606 21 3 18.2
69 90 1755. 482.0 2.964 .579 21 3 21.2 18.2 18 3
70 91 1505. 471.5 3.038 .562 18 3 20 3 21 3
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TEST SECTION-NUMBER 59 (CONTINUED)

SRL RUN PRESS . TEMP .G(AVE) Q(AVE) CHF RODS

71 92 1755. 528.0 2.017 364 20 3 20.2 21.2
72 93 1505. 520.5 2.014 371 20 3
73 94 1755. 526.5 3 055 .493 21 3 18 3 21.2
74 95 1500. 518.5 3 024 .465 20 3 18.4
75 96 1755. 558.5 1 960 319 20 3 21.3
76 97 1760. 550.5 2 968 .437 21 3 20 3 18 3
77 98 1500. 560.0 2.824 382 18.4 20.4
78 99 1755. 576.0 1 983- .295 21 3 20 31

79 100 1745. 578.0 2.633 340 20 3
80 101 1750. 588.0' 3 000 359 20 3-20.4 18.4 21 3
81 102 2205. 626.5 3 981 .458 18.'. 20.4
82 103 2005 605.0 3 984 .457 18.4
83 104 2205. 576.5 4.008 .608 21 3<

,

84 105 2000. 575.0 4.007 .555 21 3i

"
85 106 1750. 542.5 1.517 .288 20 3.21 3
86 107 1750. 482.0 1.504 344 21.2
87 108 1755. 488.0 1.018 .275 21.2 '

88 109 1505. 452.0 1 992 .452 20 3 21 3 21.2
89 110 1755. 333.0 1.035 390 20 3 21.2 20.2
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TEST SECTION NUMBER 30n

SRL RUN PRESS TEMP G(AVE) Q(AVE) CHF RODS

1 129 1000. 527.5 .507 391 15.0 16.0 14.0 13 0
2 130 1000. 501.0 .514 .421 15 0 13 0 14.0 16.0
3 131 1000. 471.0 .510 .442 13 0 14.0 15 0 16.0
4 132 1000. 435.0 512 .476 16.0
5 133 1000. 399.5 .514 .510 16.0 15.0 14.0 13 0
6 134 1000. 361.0 .509 .536 15.0 ,

7 135 1000. 322.0 .507- .571 15.0
8 136 1000. 525 0 782 .475 13 0'

9 137 1000. 494.0 .776 .512 13 0 14.0 15.0 16.0
10 138 1000. 471.0 762 .543 13 0 14.0 15.0 16.0
11 139 1000. 443 0 760 571 13.0 14.0 15.0
12 140 1000. 409 0 766 .614 15 0 14.0 13 0-

13 141 1000. 382.0 .756 .648 13 0 14.0 15.0
14 142 1000. 349 0 .760 .685 13 0 14.0

*
15 143 1000. 524.0 1.023 .572 13 0 15.0

m 16 144 1000. 500.0 1.017 599 13 0 15.0
17 145 995 473 0 1.019 .636 13 0
18 146 1000. 450.0 1.023 .670 13 0
19 147 1001. 421.0 1.011 .710 13.0
20 148 1001. 389 0 1.030 765 13.0
21 149 1000. 526.0 1.281 .613 15.0 14.0 13 0
22 150 1000. 501.0 1.263 .643 15.0 13.0
23 151 1000. 474.5 1.276 .680 15.0 13 0
24 152 1000. 452.0 1.273 713 15.0 13 0
25 153 1000. 423 5 1.287 .754 13.0
26 154 1000. 400.0 1.279 .795 13 0

.
,
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