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Appendix F

Application of the BWU-Z CHF Correlation
to the Mark BW17 Fuel Design
with Mid-Span-Mixing Grids
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Introduction

In 1992, FCF (then BWFC) conducted a series of tests
at the Columbia University Heat Transfer Research Facility
(HTRF) to qualify the Critical Heat Flux (CHF) capability
of the Mark BW17 spacer grid design. In all, 12 tests
representing 7 different geometrical configurations were
conducted. All of these multipoint tests except for one
utilized an axial grid spacing (pitch) of 20.5 inches with
standard 2.25 inch length mixing vane grids. One test
contained "mid-span-mixing" (MSM) grids placed in the
middle of the spans 4, 5 and 6 (of 7 total). These MSM
grids had the standard Mark BW17 mixing vane geometry, but
were only about a half an inch in height.

Reference F-1 of this appendix used the local
condition results of the Mark BWl7 testing program with the
existing BWCMV CHF correlation [F-2] to qualify both the
standard and MSM configurations. In BAW 10199 [F-3], a new
CHF correlation form (the BWU correlation, Section 1.4) was
developed and a separate version was qualified for use with
three different grid designs. The version qualified for
use with the Mark BWl7 design is termed BWU-Z. BWU-Z was
qualified for the Mark BWl7 grid with a 20.5 inch pitch
(Table 4-1). As was shown in Reference F-l, the addition
of MSM grids to the standard grid configuration
substantially increases the CHF capability of the resulting
configuration. It is the purpose of this document to
quantify (in the form of a multiplier on BWU-Z) the
increase in CHF capability for the Mark BWl7 design with
MSM grids.

For the purposes of this qualification, FCF conducted
a second MSM test (FCF 43.0) with the guide tube cross-
sectional geometry. The geometry of FCF 43.0 (FCF43) is
exactly the same as tests BW 18.0 and BW 18.1 (BW18) except
for the guide tube.

Test FCF43 was conducted 1) to show that guide tube
MSM grid CHF performance was equivalent to unit cell
performance, and 2) to extend the MSM data base to low
pressures and low flows. (A high flow, high pressure point
is one with a nominal flow greater than or equal to 1.0
million pounds per hour per square foot and a nominal
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pressure greater than or equal to 1500 psia. All other
data are low flow, low pressure.)

Test Description

All of the Mark BWl7 CHF tests were performed at the
Columbia University HTRF. The HTRF is a ten megawatt
electric facility capable of testing full length (12 foot)
rod arrays in up to a 6 by 6 matrix. HTRF testing
conditions cover the full range of PWR operating conditions
with pressures up to 2500 psia, mass velocities up to 3.5
million pounds per hour per square foot and inlet
temperatures approaching saturation. A detailed
description of the Columbia HTRF is provided in Reference
F-4.

Individual CHF tests for the Mark BWl7 design are
summarized in Table F-l. Complete information, including
shroud dimensions, power peaking information, form loss
coefficients, is provided in Reference F-l.

Data Analysis

The bundle and cell geometry, the rod radial peaking
values, the heater rod axial flux shape, the types, axial
locations and form losses of spacer grids, and the
thermocouple locations comprise the mathematical model for
each separate test section. The data from each CHF
observation within a test consists of the variables of test
section power, flow, inlet temperature, pressure and CHF
location (rod and axial location) and together define a
data point.

Each test section is modeled for analysis with the
LYNXT thermal-hydraulic computer code [F-5]. For each set
of bundle data, LYNXT produces the local thermal-hydraulic
conditions (mass velocity, thermodynamic quality, heat
flux, etc.) The local condition results along with the
test section global variables can then be analyzed against
an existing CHF correlation or used to obtain optimized
coefficients (a new correlation).
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Method

The data analysis will be in two parts: 1) compare the
common (duplicate) data in each test to show that they
match, and 2) determine the MSM multiplier as follows:

Use the local conditions data from the MSM tests of Table
F-1 with the BWU-Z correlation to obtain an MSM multiplier
for the MSM configuration. The Design Limit DNBR for the
MSM configuration is then shown to be less than or equal to
the 1.19 value qualified in Table 4-1 of BAW 10199 [F-3]
for the standard Mark BWl7 design spaced at 20.5 inches.
Additionally, the final mean M/P CHF ratio (with the MSM
multiplier) must be shown to be greater than or equal to
1.0. These dual criteria insure conservatism of the
application.

The applicable correlation is then

( Qchf )msm = Fmsm * FLS * Qunif / F

where Qunif, FLS and F are the original BWU-Z factors from
BAW 10199 [F-3] and Fmsm is determined in this analysis.

Analysis Results

Test FCF18 achieved 76 total CHF data. Of these, 73
were high flow, high pressure data and 3 low flow, low
pressure data. Test FCF43 achieved 72 total CHF data. Of
these, 53 were high flow, high pressure data and 19 low
flow, low pressure data. There were 52 common points
(i.e., the same inlet temperature, mass velocity and
pressure) between the tests).

An analysis of common points with the unmodified BWU-Z
correlation yields:

Test Data Mean M/P CHF Std Deviation
FCF18 52 1.211 .131
FCF43 52 1.194 .098
--------------------------------------------------
MSM Data 104 1.203 .115

A one way Analysis of Variance (ANOVA)[F-7] with 1 and 102
degrees of freedom results in an F statistic of 0.579. The
critical F value at the .05 level of confidence is 3.934.
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This shows that there is no statistical difference in the
test results.

Next, the local conditions analysis was performed with
all the data as explained above to iterate to an Fmsm value
of 1.182. For this analysis, Fmsm will be conservatively
rounded to 1.180. The applicable results are documented in
Tables F-2 and F-3 and presented graphically in Figures F-1
through F-4. The resulting design limit using the
statistics shown in Table F-2 is

t, # of tests 2
n, # of data 148
N, degrees of freedom (n-1) 147
M/P, avg measured to

predicted CHF 1.0138
S(M/P,N) 0.0920
K (147,0.95,0.95),
one sided tolerance factor [F-6] 1.872
DNBR(L) = 1 / (M/P – K*S)

= 1 / [1.0138 - 1.872(.0920)] = 1.1882 < 1.190

Application

It has been shown that the CHF performance of the Mark
BW17 design with MSM grids between the top 4 standard Mark
BWl7 grids (spans 4, 5 and 6) can be described with a
simple modification to the BWU-Z correlation.

( Qchf )msm = Fmsm * FLS * Qunif / F

where Fmsm = 1.180. FLS, Qunif and F are as defined for BWU-Z
in Table 3-1 of BAW 10199 [F-3], with a grid spacing of
20.5 inches, and ranges of applicability as specified in
Table 4-1 (also of BAW 10199).

For the analysis of grid spans not containing MSM
grids, Fmsm = 1.0 (i.e. no enhancement factor is applied).
For the uppermost span, in which the end of heated length
(EOHL) occurs less than one grid span beyond the last
mixing grid, the effective grid spacing (distance from the
last grid to the EOHL) is input rather than the 20.5 inch
spacing factor.
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Table F-1

Mark BWl7 CHF Test Summary

Test Type Matrix AFS Pin OD Pitch G/T OD Heated Grid
[1] [2] inch inch inch Length Spacing

inches inches
BW 12.0 Unit 5x5 1.55 Sym .374 .422 --- 143.4 20.5
BW 13.1 Unit 5x5 1.55 Sym .374 .422 --- 143.4 20.5
BW 14.1 G-T 5x5 1.55 Sym .374 .422 .482 143.4 20.5
BW 15.1 C-U 5x5 1.55 Sym .374 .422 - - 143.4 20.5
BW 16.0 C-R 5x5 1.55 Sym .374 .422 --- 143.4 20.5
BW 17.0 [3]W-H 5x5 1.55 Sym .374 .422 - - 143.4 20.5
BW 18.0 [3]MSM 5x5 1.55 Sym .374 .422 --- 143.4 [4]20.5
BW 18.1 [3]MSM 5x5 1.55 Sym .374 .422 --- 143.4 [4]20.5
BW 19.0 G-T 5x5 1.55 Sym .374 .422 .482 143.4 20.5
BW 20.0 SLB 5x5 1.55 Sym .374 .422 --- 143.4 20.5
BW 43.0 [3]MSM GT 5x5 1.55 Sym .374 .422 .482 143.4 [4]20.5

[1] - G-T = Guide Tube, C-U = Cold Unit, C-R = Cold Row, Int = Intersection
MSM = Mid-Span-Mixer, SLB = Steam Line Break Conditions

[2) - Sym = Symmetric, Out = Outlet
[3] - Not in BWU-Z database
[4) - There are 7 grid spans (#1 at bottom, #7 at top). Non-structural mixing

grids are positioned at the middle of spans 4, 5 and 6. Structural
grids are spaced at 20.5 inches.
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Table F-2

M/P CHF Results with Fmsm = 1.180

Data in this Analysis 148
Mean M/P CHF Ratio 1.0138
Std Dev / Coef Var 0.0920 / 0.0907
Min / Max Values 0.7672 / 1.2409
Des Limit / Normality 1.188 / Accept
Data Out by Range, Outlier 0 / 0
CWF/Fmsm/Grid Ht 1.000/1.180/2.250
Mass Vel Range 0.471 to 3.385
Quality Range -.0195 to .6797
Pressure Range 594 to 2425
BWU Correlation Table 3-1

-----------------Grouped by Mass Velocities---------------------

GROUP DATA AVG S.D. MAX MIN C.V.

0.5 Mass Vel 7 0.9793 0.0330 1.037 0.950 0.034
1.0 Mass Vel 29 1.0461 0.0760 1.193 0.886 0.073
1.5 Mass Vel 32 1.0281 0.1103 1.241 0.813 0.107
2.0 Mass Vel 42 0.9868 0.b,c,d 1.156 0.823 0.093
2.5 Mass Vel 17 0.9841 0.0919 1.169 0.767 0.093
3.0 Mass Vel 13 1.0542 0.0812 1.178 0.970 0.077
3.5 Mass Vel 8 1.0089 0.0646 1.119 0.931 0.064

All Mass Vel 148 1.0138 0.0920 1.241 0.767 0.091

---------------------Grouped by Pressures----------------------

GROUP DATA AVG S.D. MAX MIN C.V.

375 to 900 8 0.9558 0.0584 1.057 0.870 0.061
900 to 1250 13 1.0013 0.0767 1.193 0.913 0.077
1250 to 1650 29 1.0339 0.1058 1.193 0.813 0.102
1650 to 1950 29 1.0164 0.09b,c,d1.182 0.830 0.097
1950 to 2250 32 1.0390 0.0855 1.241 0.884 0.082
2250 to 3200 37 0.9911 0.0845 1.142 0.767 0.085

All Pressures 148 1.0138 0.0920 1.241 0.767 0.091

---------------------Grouped by - Qualities--------------------

GROUP DATA AVG S.D. MAX MIN C.V.

Below 5% X 2 0.9698 0.0475 1.003 0.936 0.049
5% to 10% X 15 1.0247 0.0705 1.178 0.930 0.069

10% to 15% X 33 1.0063 0.1122 1.169 0.767 0.111
15% to 20% X 39 1.0035 0.078b,c,d.182 0.852 0.078
20% to 25% X 29 1.0237 0.1010 1.241 0.841 0.099
25% to 30% X 12 1.0067 0.0755 1.172 0.913 0.075
Above 30% X `

All Qualities 148 1.0138 0.0920 1.241 0.767 0.091
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Table F-3

M/P CHF Results with Fmsm = 1.180
Individual Results

ID AFS Type M/P CHF Meas CHF Press Mass Vel Quality Z chf F Fact

43014 11 4 1.0143 523694 2416 1407395 0.1769 105.520 1.2210
43015 11 4 1.0425 680312 2087 1395730 0.1531 95.260 1.0985
43016 11 4 0.9605 581488 2108 1396747 0.1881 95.260 1.0945
43017 11 4 0.9531 548546 2398 1425304 0.1804 95.260 1.0955
43021 11 4 0.9578 542817 2411 1418896 0.1874 95.260 1.0942
43022 11 4 0.8855 507011 2414 1882869 0.2249 95.260 1.0625
43023 11 4 0.9147 529927 2105 1865090 0.2391 95.260 1.0545
43024 11 4 0.9360 574326 2413 1887165 0.1910 95.260 1.0800
43025 11 4 0.9619 617293 2091 1842763 0.1893 95.260 1.0821
43026 11 4 0.9357 577191 1793 1872639 0.2535 95.260 1.0446
43027 11 4 0.9066 634480 1492 1878345 0.2424 95.260 1.0518
43028 11 4 1.0132 587387 2413 1880803 0.1614 105.520 1.2291
43029 11 4 0.9239 651667 1786 1873521 0.1854 95.260 1.0828
43030 11 4 1.0330 773407 2090 1869934 0.1220 95.260 1.0980
43031 11 4 1.0131 751924 1507 1855044 0.2062 95.260 1.0739
43032 11 4 1.0062 794891 1787 1815901 0.1308 95.260 1.0976
43033 11 4 1.0741 747798 2403 1817650 0.0916 105.520 1.1976
43034 11 4 1.0435 853612 1496 1824685 0.1572 95.260 1.0931
43035 11 4 1.0780 710054 1796 1816072 0.1595 105.520 1.2273
43036 11 4 1.0650 745439 2096 1803165 0.1071 105.520 1.2052
43037 11 4 1.0055 671718 1799 1385852 0.1926 95.260 1.0937
43038 11 4 1.0840 734737 1511 1366090 0.2497 95.260 1.0719
43039 11 4 1.1014 612156 2412 1397973 0.1444 105.520 1.2051
43040 11 4 1.1511 634567 2100 1367842 0.1797 105.520 1.2206
43041 11 4 1.0560 741898 1823 1352400 0.1602 95.260 1.0984
43042 11 4 1.1260 651079 1792 1356863 0.2062 105.520 1.2291
43043 11 4 1.0675 796323 1491 1369378 0.1965 95.260 1.0932
43044 11 4 1.1423 705336 1500 1369194 0.2286 105.520 1.2332
43045 11 4 1.0578 942411 1503 1776394 0.1150 95.260 1.0986
43046 11 4 0.7672 632340 2406 2307709 0.1397 85.000 0.9762
43047 11 4 0.9302 585784 210b,c,d349845 0.2113 95.260 1.0530
43048 11 4 0.9347 653099 1795 2307048 0.1951 95.260 1.0641
43049 11 4 0.9044 804206 1494 2282965 0.1782 85.000 0.9514
43050 11 4 0.9304 776272 2409 2301189 0.0929 95.260 1.0978
43051 11 4 1.0090 842154 2104 2293938 0.0980 95.260 1.0974
43052 11 4 0.9362 1058422 2396 2324801 -0.0195 95.260 1.0874
43053 11 4 1.0705 783182 1786 2283670 0.1258 105.520 1.2272
43054 11 4 0.9925 898012 1501 2278691 0.1130 95.260 1.0955
43055 11 4 0.9226 555707 2398 1431827 0.1564 95.260 1.0982
43056 11 4 1.0312 501282 2391 934595 0.2051 95.260 1.0986
43057 11 4 1.0293 525630 2093 918933 0.2419 95.260 1.0948
43058 11 4 1.0144 674583 2108 1383612 0.1398 95.260 1.0984
43063 11 4 1.0822 554361 2094 1381053 0.2137 105.520 1.2313
43064 11 4 1.0831 451745 2396 932310 0.2460 105.520 1.2264
43065 11 4 0.9944 470617 2086 1011676 0.2316 105.520 1.2251
43066 11 4 0.9717 464720 1800 1029029 0.2910 105.520 1.2327
43067 11 4 1.0978 521335 1502 936162 0.3797 105.520 1.2001
43068 11 4 1.1385 495386 2384 913074 0.2130 105.520 1.2104
43069 11 4 1.0668 513079 2087 995596 0.2215 105.520 1.2202
43070 11 4 0.9719 604403 1781 906010 0.1994 95.260 1.0984
43071 11 4 1.0389 657396 1801 883942 0.1827 95.260 1.0968
43072 11 4 1.1599 574412 1502 937867 0.3443 105.520 1.2197
43073 11 4 1.1798 598002 1507 911209 0.3237 105.520 1.2288
43074 11 4 0.9979 844741 994 910475 0.2928 85.000 0.9541
43075 11 4 1.0569 615695 608 957575 0.4756 105.520 1.1347
43076 11 4 0.9372 536669 594 950541 0.4906 105.520 1.1262
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43077 11 4 0.9409 775022 978 945470 0.3385 85.000 0.9096
43078 11 4 0.9128 841498 1011 1375512 0.2543 85.000 0.9442
43079 11 4 0.8704 878790 611 1412669 0.3012 85.000 0.9020
43080 11 4 0.9281 958238 608 1387203 0.2760 85.000 0.9253
43081 11 4 1.0127 819239 1002 1403563 0.2623 95.260 1.0625
43082 11 4 0.9574 1018229 991 1801204 0.1569 85.000 0.9870
43083 11 4 0.9831 900876 612 1899285 0.2627 95.260 1.0370
43084 11 4 0.9125 974452 621 1853070 0.2450 85.000 0.9212
43085 11 4 0.9232 911218 1002 1868617 0.2106 85.000 0.9475
43086 11 4 0.9870 357386 1205 486977 0.6683 105.520 1.0742
43087 11 4 0.9681 352668 1012 486422 0.6675 105.520 1.0744
43088 11 4 0.9514 352668 625 484210 0.6797 105.520 1.0718
43089 11 4 1.0071 391591 619 485754 0.6604 105.520 1.0761
43090 11 4 1.0370 410463 1003 482854 0.6184 105.520 1.0892
43091 11 4 0.9503 390412 1190 483823 0.5661 105.520 1.1137
43092 11 4 0.9544 388053 1539 471245 0.4749 105.520 1.1795

18001 11 1 0.8991 649456 2395 1875223 0.1645 85.000 0.9792
18002 11 1 0.8746 575140 2410 1873399 0.2175 85.000 0.9419
18103 11 1 0.9590 626838 2095 1908226 0.2478 85.000 0.9159
18004 11 1 0.8517 655918 1810 1936130 0.1992 85.000 0.9525
18005 11 1 0.9218 728618 2105 1921422 0.1432 85.000 0.9895
18006 11 1 0.8297 722156 1795 1907972 0.1324 85.000 0.9955
18007 11 1 0.8413 712462 1505 1970911 0.2018 85.000 0.9488
18008 11 1 1.0495 724968 2410 1904091 0.1387 95.260 1.0956
18009 11 1 1.1019 766354 2105 1886017 0.1532 95.260 1.0929
18010 11 1 0.8784 814243 1505 1901727 0.1450 85.000 0.9893
18011 11 1 1.0489 969337 1795 1850595 0.0988 85.000 1.0111
18012 11 1 1.1420 713390 2425 1836268 0.1310 105.520 1.2177
18013 11 1 1.1336 917627 2125 1810615 0.0832 95.260 1.0973
18014 11 1 0.9832 990339 1500 1820376 0.0974 85.000 1.0123
18015 11 1 1.1561 739245 1805 1984055 0.1714 105.520 1.2324
18016 11 1 1.1217 782730 1555 1924720 0.1667 105.520 1.2310
18017 11 1 1.0667 1075964 1005 1867232 0.1929 85.000 0.9606
18018 11 1 1.0699 983877 1015 1999698 0.2629 85.000 0.8990
18119 11 1 0.8229 657533 2405 1929781 0.1183 85.000 1.0013
18120 11 1 0.9520 535163 2400 1451841 0.1975 95.260 1.0908
18121 11 1 0.8839 665611 210b,c,d452794 0.1261 85.000 1.0138
18122 11 1 1.0285 632206 2415 1436155 0.1450 95.260 1.0986
18123 11 1 1.2409 712124 2115 1406967 0.2185 95.260 1.0849
18124 11 1 0.8631 739927 1805 1413747 0.1077 85.000 1.0196
18125 11 1 0.8125 744774 1505 1422901 0.1319 85.000 1.0130
18126 11 1 1.1009 724968 2400 1398073 0.1082 95.260 1.0956
18127 11 1 1.1644 762072 2100 1361072 0.1467 95.260 1.0986
18128 11 1 1.1581 626419 1815 1482474 0.2358 105.520 1.2336
18129 11 1 0.9150 869172 1500 1393955 0.1115 85.000 1.0192
18130 11 1 1.1820 797750 1790 1337229 0.1862 95.260 1.0960
18131 11 1 1.1928 870532 1515 1353175 0.2029 95.260 1.0919
18132 11 1 0.9856 483788 2400 973374 0.2057 95.260 1.0984
18133 11 1 0.9652 421922 2100 1023208 0.2790 105.520 1.2337
18134 11 1 1.0206 515184 2405 936721 0.1725 95.260 1.0965
18135 11 1 1.0593 556570 2115 921339 0.2143 95.260 1.0984
18136 11 1 0.8855 636531 1800 951474 0.1598 85.000 1.0207
18137 11 1 1.0455 610800 1515 946314 0.3359 95.260 1.0436
18138 11 1 1.1195 599383 2400 955625 0.1398 95.260 1.0913
18139 11 1 1.0533 599383 2100 908577 0.1671 95.260 1.0951
18140 11 1 1.0466 508892 1800 1011309 0.2795 105.520 1.2337
18141 11 1 1.0851 673592 1500 949665 0.2861 95.260 1.0765
18142 11 1 1.0241 531222 1800 989407 0.2425 105.520 1.2277
18143 11 1 1.1574 599388 1515 1004492 0.3128 105.520 1.2287
18144 11 1 1.0636 616508 2415 1924930 0.2211 95.260 1.0631
18145 11 1 0.9972 720540 2100 2260550 0.2065 85.000 0.9311
18146 11 1 0.9978 843323 2105 2912630 0.1637 85.000 0.9372
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18147 11 1 1.0642 909561 2115 3235971 0.1724 85.000 0.9199
18148 11 1 1.0219 895021 2415 3288916 0.1772 85.000 0.9147
18149 11 1 1.0305 806165 2415 2842423 0.1931 85.000 0.9178
18150 11 1 1.0282 714078 2395 2342316 0.2171 85.000 0.9192
18151 11 1 0.9133 777085 1815 2381559 0.1596 85.000 0.9603
18152 11 1 0.9699 853016 1795 2861172 0.1585 85.000 0.9428
18153 11 1 0.9871 933794 1815 3336503 0.1427 85.000 0.9384
18154 11 1 0.9892 967721 1510 3377240 0.1434 85.000 0.9366
18155 11 1 1.1719 375015 1510 2951700 0.2837 126.040 1.8349
18156 11 1 1.1257 347607 1495 2553317 0.3117 126.040 1.8383
18157 11 1 1.1066 883376 2105 2861241 0.1376 95.260 1.0778
18158 11 1 1.1193 939033 1825 3284727 0.1387 95.260 1.0678
18159 11 1 1.0129 786333 2415 2385234 0.1259 95.260 1.0912
18160 11 1 0.9705 819157 2415 2879192 0.1252 95.260 1.0824
18161 11 1 0.9439 861970 24b,c,d385376 0.1283 95.260 1.0708
18162 11 1 1.0022 1043653 2135 3201685 0.0986 85.000 0.9717
18163 11 1 0.9315 984700 2415 3279742 0.0735 95.260 1.0922
18164 11 1 1.1689 871959 2110 2366075 0.1445 95.260 1.0859
18165 11 1 1.1380 929043 1820 2827307 0.1372 95.260 1.0787
18166 11 1 1.0833 1168051 1500 3295819 0.0972 85.000 0.9699
18167 11 1 0.9719 1043653 1510 2825680 0.0864 85.000 0.9891
18168 11 1 1.0525 1024266 1815 2230267 0.0891 85.000 1.0043
18169 11 1 1.0048 1063039 1510 2348977 0.0839 85.000 1.0032
18170 11 1 1.0033 1051774 2415 2467245 0.0205 95.260 1.0958
18171 11 1 1.1782 1033222 2100 2749866 0.0993 95.260 1.0925
18172 11 1 1.1309 1010388 1815 3256900 0.1152 95.260 1.0792
18173 11 1 0.9720 978992 2415 2826914 0.0602 95.260 1.0978
18174 11 1 0.9949 967575 2105 3279282 0.0868 95.260 1.0888
18175 11 1 0.9517 688229 2410 1897107 0.1658 85.000 0.9773
18176 11 1 1.1930 729249 1005 1052186 0.4872 95.260 0.9249


