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ANALYSIS OF MODERATOR TEMPERATURE COEFFICIENTS
IN SUPPORT OF A CHANGE IN THE TECHNICAL SPECIFICATION
END OF CYCLENEGATIVEMTC LIMIT

L Introduction

The accurate knowledge of the moderator temperature coefficient (MTC) at end of cycle is of prime impor-
tance in the fuel management of long reload cycles. The designer must ensure that the most negative MTC wil always
be conservativeto the Technical Specification limit. The required amount of conservatism depends on the accuracy of
the calculational model, and on the uncertainty attached to the knowledge of the true MTC. If enough reliance can be
placed on the calculational models and on the ¢ d of cycle predicted MTC, a surveillance test becomes unnecessary.

The calculational accuracy of the analytical models and the confidence assigned to the knowledge of the true
MTC are established by comparing caiculsted and measured values. A moderator temperature coefficient design
margin (uncertainty) is established such that if the best estimate design MTC is conservative relative to the Technical
Specifica:on limit by an amount equal to or greater than the design margin, then the Technical Specification limit will
not be violated. The best estu . ..¢ value is defined as the calculated value using the current ABB-CE methodology
augmented by a bias term. Although the Technical Specification limit on negative MTC must be satisfied at end-of-
cycle, it is shown that the design margin applies to all times in life. It is also established that if the measured beginning-
of-cy - oderator temperature coefficients agree with the predictions within the design margin, then all measured
coeffiv..... for that cycle are expected to pool with the data base presented in this report, including the end-of-cycle

ATC. Thus if the end-of-cycle MTC is expected to fall within the design margin, its measurement is not required.

In this analysis, isothermal temperature coefficients (ITC) are used since they are the measured quantities. The
measured ITC is assumed to represent the true value. The impact of systematic errors in the measurements is reduced
by combining values obtained on several plants by several utilities using different techniques. The accuracy of the
mode! is expressed as & bias representing systematic differences between measured and calculated vaiues, and the
uncertainty is expressed as the random fluctuations between these values. The uncertainty can be viewed as a limitation
in the search for the true value. Thus, to ensure compliance with the Tech. Spec. with a high confidence level the most
i gative raw calculassd design MTC at EOC must be less negative than the Tech. Spec. MTC by an amount equal to
th. bias plus total uncertinty.
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This Amendment | updates the data base and validates the conclusions of the original issuance with
respect to the most recent plant predicted versus measured startup data available. Thirty-four data points have
been added since the original report was issued, for a total of 105 data pownts. For 15 cycles, ali three conditions
(BOC at hot zero power, near BOC at power, and near EOC at power) have been analyzed. An additional set of
six cycles consists of BOC hot zero power and near EOC at power. A total of 30 near EOC values have been
analyzed. Of the 105 data points, only one shows a residual deviation which equals the design margin. This
amendment demonstrates that enough reliance can be placed on the calculational models and on the EOC predicted
MTCs, and that a surveillance test beco—es unnecessary.

II. Summary

In order to ensure that the moderator temperature coefficient will not exceed the Technical Specification limit
with a confidence/toleranceof 95/95%, the cycle must be designed, using the ABB-CE methodology, such that the best
estimate MTC is:

a more negative than the BOC Technical Specificationlimit by the design margin, and
b. more positive than the EOC Technical Specificationlimit by the design margin.

The design margin is determinedto be 1.6 pcm/*F at all times in life.
The analysis of & revised data base including the most recent measured and calculated MTC's has established
that if the measured beginning-of-cycle moderator temperature coefficients fall within 1.6 pem/F of the best

estimatz prediction, then it can be sssumed that the end-of-cycle coefficient will too and its measurement is not
required.

The measured data reduction must be based on the current ABB-CE methodology as described in this report.

If the beginning-of-cycie fails the acceptance criterir of +1.6 pcm/°F and the discrepancy cannot be resolved,
then the end-of-cycle surveillance test must be performed.

I Methodology

The methodology used for this Amendment | is identical to that employed in the original issuance.
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IV.  Data Base and Data Reduction

The data base of cycles analyzed within this amendment and to be included in the previous data base of the
original issuance are Waterford Unit 3 Cycle 8, Arkansas Unit 2 Cycles 11 and 12, Calvent Cliffs Unit | Cycle 12
and Unit 2 Cycle 11, Palo Verde Unit | Cycle 6, Palo Verde Unit 2 Cycle 6 and Cycle 7, and Palo Verde Unit 3
Cycle 6, and include 23 measurements. An additional set of 11 measurements had been added in the interim. The
augmented data base contains a significant sample from all Combustion Enginecring plants (2700 MW, 2815 MW,
3400 MW, and 3800 MW), using both the rod insertion and the power trade measurement techniques. The data
reduction of all measurements and predictions for the most recent plant data is summarized in Table 1.

ITC predictions have all been made at the ineasured critical conditions, so that no adjustments were needed.
The test initial conditions (power level, exposure, inlet temperature, soluble boron concentration and lead bank
insertion) were simulated, taking into account all thermal-hydraulicsand xenon feedbacks. Then, without changing the:
xenon distribution, a change of +3°F was applied to the inlet temperature, keeping the thermal-hydraulics feedback
effectsactive. The core average temperature was obtained from edited output, and the ITC calculated.

The 105 datz ooints were analyzed for normality using the American National Standard Institute Standard
Normality Test. Tiz D Test statistic was 301.39 which implies tuat the assumption of normality is appropriate
based on the percentage points of the D' Test Statistic.

V.  Results

A complete list of all measured and calculated ITC's is given in Table 1. Table | lists the plants and cycles, the

core enrichment and exposure, the operating conditions (PPM solubie boron, power and moderator temperature), the
measured and calculeted ITC and the difference (M-C) in: units of pem/°F.

The residuals of the fit [(M-C) values - fitted values] are viotted in Figure 1 vs. soluble boron concentr=tion.
This figure indicates » fairty uniform distribution of points, with no obvious PPM dependence. The residuals of the fit
are also plotted vs. various parameters, to detnonstrate independence of the residual against these parameters, and to
show that no significant varisbles were omitted in the model, i.. that the soluble boron is really the only correlating
variable. The residuals are plotted vs. core exposure, enrichment, power, moderstor temperature, bias and calculated
ITC, in Figures 2 to 7. In all Figures, the scatter of the residuals appears random, indicating that there is no correlation
of the residuals agzinst any of the chosen variables when including the most recent plant data available.

CE NPSD-911
sl Amendment No. |




The result of this Amendment | st7.tes tha. when the data base of measured versus predicted MTC includes
the most recent plant data available, the conclusions of the original issuance remain valid. It is also concluded that
the addition of more data beyond the prese.t data base will not affect the current conclusions. Specifically, the
end-of-cycle MTC monitoring procedure in the bsence of a measuternent is as follows:

If the isothermal temperature coefficients measured at zero power during the cycle startup program,

and at power during the first power ascension, fall within the design margin (accepiance criteria) of

£1.6 pcm/°F, then the end-of-cycle best estimate prediction will also be within 1.6 pcm/°F of the true
MTC. To establish compliance with the Technical Specifications, the best estimate end-of-cycie MTC
muust be less negative than the Tech. Spec. value by 1.6 pcrv®F.

E
|
!
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Table 1

Measured ITC’s, Calculated ITC's, and Residual of ITC's

4 Core Avg Core Avg PWR  Tmod e e M-C Bias Rescual
PLANT  Cycle  Bumup Ennch PPM (%) P Meas Calc pem/°F pem°F pem/°F
E4°F E4r°F
AND-2 S 28367 308 776 9% 80 2,281 2296 | 0450 0413 087
ANO-2 i1 14049 400 ie2 0 541 0.083 0.228 -1 450 -1.883 0433
ANO-2 Tl 1320 400 1240 958 512 | <0.623 08578 D 480 1.370 0 890
ANO-2 12 13806 4.0 1657 n ) 0.110 0.012 -1.220 -1.780 0 560
ANO-2 12 Ta181 401 1110 9% BEiL 1,042 0892 1,500 “1.243 0287
ANO-2 12 78843 401 388 g 7% 2001 2022 | 0.110 0435 0 545
- i 14526 (T 1600 0 L55) 0344 0417 0730 1724 0 954
.- 5 14526 781 1330 0 532 2.560 0.408 | 1520 1459 D061
[ o 3 24723 EX ] 310 (] 570 1982 | -1.801 0.190 D457 0647
o ) 16502 3| 1398 0 532 0.064 0187 1.230 1.526 029
- g 24783 54 78 9| 510 1.868 “1.800 0.0%0 0422 0472
[ oed 10 10971 798 17% 0 §32 0.268 0422 x) 1801 0 301
e 10 10971 595 1738 0 [§5) 0.200 0452 2.520 857 | 663
[y 10 77843 3.9% 388 g 570 1,987 | -1.781 0280 0432 0672
o 12 15399 19 3004 0 35 0.440 0.580 | -1.400 1071 0329
B 12 15999 19 | 1521 100 567 0260 | 0116 1 -1.440 0577 0 869
- 12 11908 'S L 72| 3% 70 | 1648 | L. 2.503 2747
BE s 24423 T4 “ 0 530 1,610 155 | 2 500 0.19% D 08
oed ] 24423 342 o 0 530 1,780 1600 | 2.700 0.19% D 508
—Tc3 3 T4 X5) “ ) T 1 195 | 9% | 000 198 0195
&3 3 4423 Ta “ o T0 ] 200 | 2110 | 0300 0798 7908
3 R 7 Y % 0 0| 0% | 0% | 040 9% TE76
- S pL7v5) (X7 3% 0 57 1000 1 1080 | .30 0476 0176
ool 5 rYL) 372 ® | 100 572 | 2089 | 2088 | 0310 0.120 509
[ ood . 12937 9 4% 0 (7] 0.200 0387 1870 1,622 0148
s B 77120 X7 97 Kz 570 T8I0 | 1799 | 0310 D 44a 0138
o g 13895 | 4.9 1801 0 55! 0.370 0 544 1,740 4l D181
o g 13893 a8 1389 0 (§5) T4 | 0338 | 1320 1817 019
oS ] 19926 an %8 0 535 0.470 0610 | -1.400 08712 047
" T " 19962 r¥1} 1557 | 100 %7 | 05L& | 008 | -139 0413 0917
o ) 372 [¥1] F17) 100 567 2012 | 1900 | -1720 2431 1289
—OoPPD | 12 15738 | 3.1 1507 0 [55) 0.240 0.433 T9% 1639 0197
" OPPD }) 16530 | 379 10% ] %5 | 0316 | 048 | 0680 ") )
[ OPPD 12 979 | 318 | 08 (7] 565 1901 T804 9% 04% )
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Table 1 Eontinued e

S w————

Core Avg Core Avg PWR  Tmod ITC ~ e Mm-C Bias Res.dua
PLANT  Cycle  Bumup Ennch PPM (%) °P Meas Caic pem°F pem/°F pem/°F
E4rF E4/°F
OPPD 13 14838 in 1561 0 s21 0.310 0 506 -1 960 -1 688 T DI
OPPD 3 15209 7] TTE (7] 568 D 461 D341 "1.200 1.246 0 046
OPPD 13 75531 192 125 5] 565 640 | -1.728 0 880 0 471 1381
[ OPPD ) 14562 160 1178 0 55} 20 090 0038 1.250 1,309 0059
™ OPPD 14 14916 T80 768 [ 64 0912 20789 1230 0907 0323
=BVl 1 0 768 1085 0 120 D128 | 0038 5900 1189 0259
PV ) 0 765 %24 0 720 0360 | 0208 | -1610 0962 D 648
PV 1 0 768 1028 0 365 D 44l 0323 | 2190 T1%9 w031
PV-1 1 0 165 893 0 565 0912 | 0709 2 630 1.029 1801
PVl i 52 768 ] bE] 568 0587 0 502 0850 0 963 0113
PVl 1 11260 318 1462 0 365 0.1% 0. 308 1580 1088 0 008
I ) 11269 ENE 1178 0 SE€5 D4 | D24 | 1780 1309 D40
PV-1 3| 9 166 1739 565 0.133 0.256 1230 1861 0631
[ PV-1 3 Kz The 1438 0 565 D45 | D262 1830 1568 D 268
PVl 3 7 766 1653 0 65 0.1%0 0003 1330 1.776 0 446
PVl 3 11209 166 1170 100 598 0813 | Q0821 0 080 1302 | 382
PV 3 12404 1.60 84 100 595 2.291 2184 | -1.070 D 628 YY)
PV 6 16833 T84 1753 ) 565 0,044 0.038 2820 1.0 0.213
PV-1 3 18110 7654 1160 % | 589 1.098 1014 0810 045 D 360
W 3 17460 T4 a1 100 57 249 | 2342 1.480 D560 3920
PV 7 16140 398 | 2070 0 565 20,038 0.0%9 0990 | -1.18 0213
L 2 O1as 332 1452 0 568 2048 0 080 -1.280 1819 029
— PV2 ) 9123 7] 1140 0 568 D% | 0195 | -17%0 i T a8
— V2 3 12102 176 | 1998 0 595 0068 0.209 1440 1919 0279
BZE 3 12102 | 378 1318 0 %65 D | 0535 | 1580 | 1444 2,136
PV-2 3 14662 | 376 1029 100 | 998 1046 | 20961 "1.850 1163 o8
a1 & | 198 | 31 | 174l () 365 0.174 0328 7540 NN 0303
PV 4 15516 3. 1126 100 | 9% 2. 2882 2900 1.258 0 158
E ¥ 24121 3 455 100 | 9985 | -2.3%2 2.2 2820 0.5% D221
- L e ] 16 1563 0 % | 9 0043 | 1130 e GBTH
v 3 19543 16 99 | %95 | 88 T30 | 1004 | -12% 0822 S
V-2 [ 3 | 6 48 100 89 2208 | 229 0 300 20530 0830
—WT T T e | 3n | 14 0 565 018 | 008 | 2. 0816 D054
B 1 0 168 805 0 %65 o8 0617 | -2.200 D941 287
) 2 1.26 14719 0 368 0.061 0218 “1.570 1.608 0038
BE ) B4z | 326 1200 0 565 Dad | 0232 | 1920 1331 D 580
N ) ~19018 3.36 il % 595 2054 | 2043 | 2.110 .55 0 a46
— PV3 3 184 347 330 100 595 361 2437 | 2040 0496 1564
PV I 14284 .61 1986 0 Y] 0. 040 0,183 1 4% 1710 0 280
3 v 13153 | 376 1836 0 %5 0.100 0147 D470 0% KL
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“Table 1 Continued

a

Core Avg

PWR

Core Avg Tmod e e M-C Bias Rescua)
PLANT Cyce Bumup  Ennch PPM (%) °F Meas Calc pem/°F pem/°F pem/°F
e E-4/°F E4°F
- .o < T7043 791 1862 0 568 D 288 2 037 3 480 T 400 ] 1080
PV-3 5 18631 391 22 100 1) 1.253 NETE] -1 800 r % 2 /Y5
25 " 17676 791 9 % 98 <86 3 498 2362 1.330 259 2737
SONGS2 ) ["1[) 378 1798 0 548 0077 0278 2010 1919 D091
SONGS2 3 ["11) 378 1563 0 5as 0 364 D 208 "1.990 T 688 0098
SONGS2 [] 11355 398 1615 0 545 £ 082 0.071 -1.530 -1.7%9 0209
SONGSZ 5 11358 708 1208 0 545 0 860 0758 1 050 1339 0389
LY 5 14397 768 1708 0 55 0 208 0.370 1,620 1827 0207
[~ 5 76300 768 780 100 (37! 2118 | 2026 | 0880 D417 L)
[~ ST-L2 o 16024 | 188 1784 0 532 0219 0312 1530 1908 0378
[ ST-L-2 ” 22570 785 782 100 572 1,203 1234 0310 2.920 1230
e X 18463 785 53 100 2 2.033 1.0M 3610 0430 T 040
- ST-L2 7 18315 793 1510 0 [§5) 0063 0080 1.4%0 1.6%6 0 206
B B Y EE7) 1714 0 32 | - 0209 0370 | -16%0 1 83% 0166
o™ ) 16029 704 15% 0 (5 7) 009 | 0020 | -1.160 .69 5319
[ WSES- Y a4 | I8 1540 0 53 0074 0068 | -1.390 1668 0279
‘ 1a211 2 | 107 [7] [17] 2964 D 858 71,090 1.210 0120
T WSES-3 I 79206 | 182 370 95 (7] 2.129 2040 | 0800 0516 D184
“WSES-) £ 1% | 391 1530 0 Y] 2097 0.003 “1.000 "1.688 0695
WSES-3 s 15040 | 391 1066 91 7] 2918 | 0913 | O 1199 T 149
WSES-S ] 15907 391 W ) [{7) 2.134 | 2017 | -L.i%0 D549 D621
[ WSES1 ) 19524 195 1647 0 s D114 0.173 2670 1.0 | 1100
~WSESS 6 15524 3. el 0 4 0600 | 0383 | 2190 .38 D632
[ WSES-3 3 1 198 1131 % 57 0819 | 0726 | 09% -1.269 GREEE)
[ WSES-S [3 T 3.98 [ [ 898 | 1895 | 9.2% D588 0358
- WSESS 7 e | 398 741 0 s G160 | 029 29% 1863 0933
WSES-3 7 s | 39 Ten 0 s 0438 | 0308 | -1.300 1897 0397
WSES-3 7 6199 19 16 % | S8 | 0703 | 0666 | 030 T304 724
~WSES) | ¢ ) Y i) ) | 01® | 0 | D T ]
" WSESH ] 16054 | 408 1254 (7K} | 07% | 064 | 0950 1384 0 4%
~WeEST |6 % Y] 590 "% | 194 | 198 = 0732 D938
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ITC Residusis (pom/F )
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TEMPERATURE COEFFICIENT RESIDUALS
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ITC Reswuate (pomi® )
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TEMPERATURE COEFFICIEENT RESIDUALS
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Appendix A

ABB-CE Response to Questions
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This Appendix A has been prepared in response 10 a number of questions raised by the NRC on the original
submittal.

A What methodology is used for calculating MTC?

The Isothermal Moderator Temperature Coefficients (ITC) are calculated with the ROCS coarse mesh nuclear design
code. (Reference 1) This code performs two- or three-dimensional flux calculations in full-, half- or quarter-core
geometries. A typical ROCS core geometry consists of four radial nodes per fuel assembly and 20 to 30 axial planes.

The nodal macroscopic cross sections are calculated from detailed isotopic concentrations aud mICroscopic cross
sections. The nuclides are divided into three categories:

Fuel: Includes two uranium, one neptunium and four plutonium nuclides,
Fission products: Includes i-135 and Xe-135, Pm-149 and Sm-149 and a lumped fission products,
Burnable absorbers: Includes depletable boron (B-10), erbium or gadolinium nuclides.

The microscopic cross sections are functionalized vs burnup and operating conditions such as moderator temperature,
moderator density, fuel temperature and soluble boron concentration. This treatment provides for a very accusate
representation of the cross scctions under any operating conditions, and for «ccurate spatial Lotopic distributions,
accounting for all history effects. During the flux calculation, thermal-hydraulic feedback and equilibrium xenon
calculations are performed to ensure consistency between the power, moderator temperature and density, fuel
temperature and xenon distributions. The local fuel temperature is determined from a correlation vs burnup and
power, and from the local moderator temperature.

The calculation of the roderator temperature coefficient is performed as follows:

1. A reference calculation is performed 10 simulate the core conditions at the beginning of the testing program.
soluble boron concentration are supplied.

2. Two off-nominal calculations are performed by changiug the inlet temperature above and below that of the
reference condition, usually by 3°F. The power level, xenon distribution, control rod insertion and soluble
boron concentration are kept unchanged from the reference condition. The change in core reactivity is
therefore dus w the change in inles temperature, and to the ensuing change in the distribution of the
moderator temperature and density and of the fuel temperature. For the nominal and the off-nominal cases,
the ROCS code provides an ed.: of the core reactivity and of the volume average moderator iemperature.
The moderator temperature coefficieni s defined as the ratio of the reactivity change to the core average
moderator temperature change .
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The moderator temperature coefficient prediction is usually accompanied by one of two of the foliowing calculations,
depending upon the measuring technique. If the ITC is measured by the rod insertion technique, & prediction of the
lead bank insertion worth curve is performed, using full thermal-hydraulic feedback, but keeping the power level,
xenon distribution, inlet temperature and soluble boron concentration of the reference case. If the ITC is measured
with the power trade technique, a prediction of the power coefficient is performed, again under the rod insertion,
boron concentration and xenon distribution of the reference case.

3. Has the methodology changed since the data analysis presented in the report? If yes,
please explain changes and the effect of these changes.

All results presented in this topical report and its amendment have been generated with the same methodology .

3 Is only the methodology referenced in answering question 1 involved or are there more
than one m..aodologies involved?

Thcmethodolo;yducribodinpnwaphlaboveiubeonlyonewhichwbeenusedinmepnwmonost
report.

4. Wili Combustion Engineering perform the calculations in all cases or will the utilities
perform them in some cases’ If utilities perform the calculations, what codes will they use?

mMcmhmMMmm.oumthhdmnﬁnlywmmm
W.Manﬁiulmdmanﬂyﬁcﬂmmm. Any NRC approved physics code system, ¢.§.
DIT-ROCS or CASMO-SIMULATE, will lead 10 the same level of uncertainties. However, the calculational bias.

will be established for each code sysiem.

5 Mmmmnm performed all the calculations, why is there not
more data? hwumumwmwmmmcmnpmm

prepared (Update Table 1 to include all daia available)

mmmwhurwmmawpmam.mwvm
mmmfammacmmmmmpu-. Thepupo.eofmcreponwupprmnu
mmmmu»mmmemmmmm.wvmpower
m«m.mmmmﬁwm.umwmmmm. Therefore, the
mamﬂdmmmwmwwmm. :
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The data base was considered to be large enough to justify the conclusions reached in the report. Since the Report
was issued in 1993, 34 data points have been added to the data base and are presented in this Amendment. The
additional data provides a significant sample of all Combustion Engineering plants (2700 MW, 2815 MW 3400 MW
and 3800 MW), using both the rod insertion and the power trade measurement techniques. The ex'lended data
confirms the validity of the conclusions reached earlier. Because of the truly random nature of the data base, the
sample size chosen for this amendment is deemed sufficient.

Some experimental data from earlier cycles of older plants has not been incorporated, because it was originally
analyzed with slightly different methods and also because the fuel management used at the time was not representative
of current fuei management practices.

6. In examining the data on Table 1, it appears that there are only a small number of sets
(consisting of 3 measurements - a BOC, zero power measurement; - a BOC, full power
measuremént; and a near EOC full power measurement) of data. Why is this the case?

The data base presented in this amendment has been increased and now contains 15 sets of 3 measurements per cycle
(- a BOC, zero power measurement; - a BOC, full power measurement; and a near EOC full power measurement).
In addition, 6 sets of 2 measurements (- 2 BOC, zero power measurement and a near EOC full power measurement)
are included. A total of 30 near EOC values are included in the data base.

7. From the data in Table 1, there are only 5 cases in whick cll three measurements fall
within the acceptance criteria. Please discuss why this should be sufficient.

In the increased data base, only one data poimt shows a deviation equal to the design basis. Of the 1J sets of three
measurements and 6 sets of 2 measurements, no data point exceeds the design basis.

Reference:

i. “The ROCS and DIT Compuier Codes for Nuclear Design,” CENPD-266-P-A, April, 1983.
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