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Ahsiract

I CFC {Core Frofecfion Calculator) of CE-fppe muclear power planis, fhe core axid power disfribufion
iz caculafed fo evaduafe fhe sgfelp-relafed paramefers. The acouracy of fhe CFC axid  power
distrifrafion highly depends om fhe gualily of fhe so called shape amealing matrix (8AM) Currenty,
SAN 15 defermined by wsing dafa messured during sfarfup fesf and wsed fhroughout the enfire cycle
An dssue concerved with SAM 05 that i 5 farly sevsifive fo messurements and fhus the fidelily of SAM
is nof guaranteed for Al cycles. b this peper, o novel method fo defermive a high-performance SALS
(HPEAM) 15 proposed, where both measured and simulated dafa are wsed 1n defermiving SAM

I . Introduction

High reliability of the core protection system in ruclear power plants should be guaranteed for sofety
and high peformance of nuclear reactors. CPC (Core Protection Calculatu:;rjm, a digtd computerbased
safety system, plays a key role of the core protection system in Ulchin Urdt 34 (UCH Umt 34
which is the Korean Standard Nuclear Power Plant (KENP), and ¥V onggerang Tnit 34 (VOGN Uit 34
which is the base model of KENFP. The fowr independerd CPCs generate reactor trip signals based on
awial power distribbions synthesized using excore detector signals Therefore, accurate awial power
distritiation is crucial for high reliability of CPC, which leads to high operating flexikility.

To synthesize the awial power distibation in CPC, the shape armealing matrix (3AM) should be
determined wia measwements which represents a linear relationship between the excore detector signals
and the peripheral core awerage powers. In general, accuracy of CPC power distribidions highly depends
o guality of SAM. A major concern about SAN is that the quality of SAM vates from orele to
cycle and the reliability of CPC tends to degrade as the core undergoes burnup.

Currently, a penalty factor is applied to the CPC clacalations if the root mean square (rms) error of
the CPC power distribution is larger than 2%, compared to CECORF! resmit based on incare detector
signals. It should be noted that the allowed criterion is easily reachable if SAM has poor quality
Considering the uncertainty of the CPC power distribution in the current 12~ 15-month cycle it is
expected that high-gquality SALM should be used for longer cycle such as 18- or 24-month to guarantee
the CPC reliakility. Consequently, there iz high demand to develop an efficient way to determine



high-performance AR In this paper, an efficient and robust methodology to obtain a high perform ance
SAM, HPBAM, is developed and its effectiveness is demonstrated wia core follow caleulations for YGH
Unit 3 Cyecle 2 and UCH Uit 3 Cyele 1

. Shape Annealing Matrix

In reload core, the avial power distribution is obtained throush a 2-step calcudation in CPC. First, a
least square analysis iz applied to find the correlation mateiz SAM between signals of the 3-segmert
excore detectors and 3-segment core peripheral powers, and a linear relationship (Boundary Point Power
Correlation Coefficients, BFPCCY between boundary poirt power and the adjoiring segment (top or
bottom) core average power. The required data, usually 30 ~50 data sets, ate measured during fast
power ascension test (FP&) of the cycle It fakes usually 24 to 30 howrs to determine SALM for a
reload cycle. After BAM and BFPCC are determined a 20-node axial power distribulion is obtained wia

a cubic spline interpolation. Fig 1 iz a schematic diagram representing the role of SAM, where AP,

atwd [, indicate core average power and peripheral core average power at segment 6, respectively.
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Fig 1| BHelationship between excore detector sighnals and core average powers

After SAM is determined, the peripheral core average power JF; can he calculated by using the
following relationstdp.
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The guality of 340 dominates acowacy of the core average powers caleulated by Ego (1), Fitness of
a meamared JAM can be identified by checking a test walue of SAL and positiveness of the itvverse

GAM. Test value TVeqy of SAM, a matrx nomm, is defined hy
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To be installed m CPC, SAM should satisfy the eriterion 3 { TVWeuqr €6 The lower bound denotes
ideal excore detectors and the upper bound comesponds to tighfly coupled excore detectors It is
rvalved to find exact optimal walue of TVggy since it depends on many parameters related to the
excore detectors. For VGON Unit 24 and TCN Unit 34, experiences have shown that the optimal test
value 15 in the wicindity of 4.0, so TWgqy should be close to 4.0 as much as possible for accurate
arial power dstribitions. From the plysical point of wiew, the invverse SALM represents contribotion of
Dy to excore detectors. Therefore, all the elements of the irrverse SAM should be positive.

Il. Renormalization of the Spatial Weighting Functions

Prediction of the excore detector signals are usually done by using the spatial weighting functions,
dleo called the shape armealing functions. For a power distibution Py, the excore detector response
R can be obtained by

R= fVP( Aal ¥ dr, (3)

where @i #) is the spatial weighting function and ¥V denotes the core wolume. The spatial weighting
functionn for an excore detector can be efficiently calculated by solving the following adjoird tratsport

ecjuati o
L' (0 E)+ Z/(r 0, E) =0, (4)
where L% is the steady state adjoint transport operator and X (s £, E) is detector cross sectiont F 7.

In this work, we use the axial spatial weighting functions which represent the spatial weighting of
arial planes of the reactor core. Since the detector signal has arbitrary undt, the spatial weighting
function is preserted in a nommalized form. For a 3-segment excore detector, the normalized axial

spatial weighting function can be written as
+
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where @ gz 15 axial spatial weight of d-th detector segment and V7 iz volume of the k-th core axial

v, (5]

segnent[j]. Note that 'E:'L(’"ai:Q:E} is adjoirt flue subject to adjoirt sowce at d-th detector segment.

It iz well known that spatial weighting functions are insensitive to core conditions of parameters such
as birrop, boron concentration power distibngions, and conteol rod positions, ete. This is because fast
neutrons penetrating through the core wessel mainly contritnte to excore detector signals In other
words, any pertirbation affecting the thermal newtrons cannot be seenn by the excore detectors. Howewer,
it iz relatively sensitive to power lewel that determines the coclant temperatare profile. Consequently, it
catt be said that the avial spatial weighting function is almost wrique for a given power lewvel

Ho matter how accurately calculated the spatial weighting function is, the accwacy of estimated

tesponse of excore detectors cannot be guaranteed due to limitations of the theoretical model for the



spatial weighting functions. To resolve this problem, a renormalization scheme is introduced in this
wotk, The renormalization theory iz bhased on the fact the spatial weighting functions for excore
detectors are almost wdegue for a given power lewvel, regardless of power distribtions. The corvrent onal
notmoalized spatial weighting functions ate renormoalized as follows First, it iz asswmed that the
measured data ie, the avial power distribiotion and the corresponding detector signals at that moment,
ate religble. A renommalizetion(or sealing) factor f, iz obtained such that the renormalized spatial

weighting function provides exact detector signas for the given power distribution:
oy neet (6)
anddnted
If the renormalization factor is found using Ego (8), the renonmalized axial spatid weighting function
catl be obtained by
@ o ) = Frgpe(Z). (7)
The tenommalized spatial weighting function has several adwarntages owver the conventional method
Firat, it can minimize the inherent modelling error in caleudating the weighting fimection and realistic
characteristics of the excore detectors such as calibration, aging effect, etc. can be accounted for in the
spatia@weig]:ﬁing function Consequently, the excore detector signal can be accurately estimated
Fig. 2 compares cotrventional and renommalized arial spatial weighting functions for the 3-level
excore detectors of VON Umit 3 cyele at hot full power condition As shown in Figo 2, the
renormalized spatial weighting functions are apparently different from those of the corvertional method.
The spatial weighting function is obtained with DORTY, which is a two-dimension Sy transport code,
using the BUGLESS libraryD.
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Fig. 2 Axial spatial weighting functions of excore detectors at 100% power

In Table 1, the walidity of the rencormalization method iz demonstrated for CPC charmel-2 of VGH
Unit 3. Table 1 shows that the accuracy of caleulated detector signals is sgrificantly improved by



renormalizing the avial spatial weighting function. The renormalization factors for the three detectors are
obtadned for power distributions at 2,000 MMWDUT and 974 LOWDT for Cyele 1 and Cyele 2,
tespectiwely, and they are wsed in evaluating detector responses at subsequent burnup steps. It should be
noted that the trenormalization factors for 5200 and 12,650 MWDUT are sundar to those of 2,000
LIWDUT in ¥YON Uwnit 3 cycle 1 despite that power distritations at 5200 LIWDST and 13,630 RMWDUT
are  ouite differerd from  that of 2,000 MMWDWT. It iz also  ohbserved that performance of the
renormalization method is superior in Cwyele 2. This is aftributed to the fact that change in power
distribuation due to bwmap  in Cyele 2 iz not so large as in Cyele 1. For the other 3 CPC charmels,
similar results are obtained The results cleatly attest to the effectiveness of the renormalization method

Table 1. Validity of the Renormaization of the Spatial Weighting Fuactions
4 CPC Channel-& in VON Tnit 3 Cyde 1 at full power condition

Burnp D etector hleaswed | Caleowlated | Renormoalization Renormalized
(WD T Sigral Sigtial Factors Signals (Error,)
Top 0.288% 0.2934 0.98432 02828 (+H1.0M

2000 Llid 0.4242 0.414% 1.02266 0.4242 (+H1.0M
Bot 0.2870 02917 098389 02870 (+H1.0m

Top 0.3032 0.3111 0.974a1 0.2064 (+1 .05

5200 L1id 0.4054 0.2944 1.02789 04036 (-0.48
Bot 0.2914 0.2945 0.98947 02900 (-0.48

Top 0.3225 0.3305 0.97 579 0.3259 (H1 05

13650 Llid 0.3796 0.3687 1.02956 D3777 (0.5
Bot 0.2979 0.300% 0.99034 02964 (-0.500

by CPC Channel-A in VGON Unit 3 Cycle 2 at full power condition.

Burnup Dtectar hleaswed | Caleowlated | Renormoalization Renormalized
(RIWTNT) Signal Sigrial Factors Signals (Error,%)
Top 0.3399 0.3352 1.01402 0.3399 (+H1.0m

974 Ilid 0.3865 0.3807 1.015324 0.3865 (+H0.0M
Bot 0.2736 0.2241 0.96304 0.2736 (+H1.0m

Top 0.3325 0.3271 1.01651 02319 (0.1

52437 Ilid 0.3846 0.3782 1.01692 03842 (-0.13)
Bot 0.2829 0.2947 0.959094 0.2840 (H13M

Top 0.3371 0.3330 1.01231 03378 (H12D

10108 Ilid 0.3786 0.3709 1.02076 03768 (-0.47
Buot 0.28432 0.2961 0.95981 02853 (H1.39

I¥. High Performance Shape Annealing Matrix (HPSAM)

I¥.l Methodology

Aocuracy of the axial power distibutions synthesized in CPC depends on two addressable constants
SAM and BPPCC. Among them, B3AM dominates the accuracy since the 3-segment core average
powers are directly determined by SAM. This it iz essential to ensure high-guaity SAM to get
acourate CPC power distribution. [t is wortlwhile to note that the elements of 3AM are guite sensitive



to measured data and thos wvary from opcle to cycle. Howewer, BFPCCs are fairly insensitive to
measared data.

The puwpose of this work is to develop an efficent and robust method to determine a high
petformance SAM (HPEAW) for the reload core. Drawback of current method to determine SALM, as
identified in Jection 2, iz that the cquality of 3AL highly depends on meamwed data i.e, incore and
excore detector signals. Unfortunately, many of the measwed data are of poor quality due to instamernt
failure, pootly o uvocaibrated instromentation, and high noise levels etc. Therefore, it cannot be
guaratteed that ZAM of high guality is always obtained.

The essence of the new methodology to determine 3AM is to combine simidated data using the axial
spatial weighting functions for excore detectors As discussed in Section [[[, acowrate response of an
excore detector at a power level can be predicted with the aid of the renommalization method if a
reliable measwed data is available. Once the renormalization factors are determined, a number of
noise-free data set for excore detector signals can be obtained wia compoter simlation and used in
finding the HP3AM. Major advantages of the new method is that faifly accurate dats which carmot be
measured at the stage of reactor startup, can be used in determining SAM. Furthermore, the HP3AD
catn be found cquickly right after measuring the reference data since the spatial weighting functions can
be calculated in adwvance.

Onece the renommdization factors are determined for each CPC channel, an erwelope of power
distrititions are requited to find the HPSAM. In this work, two kinds of avial power distribtions are
utilized for 4l channels One is from a Xenon oscillaion simulation pefformed for ¥ON Units 3 Cyele
2, the other is the typical saddle fype power shapes obtained with the full power depletion caloulations
of the Korean Next Generation Reactor (KXHGER) core.

I¥2 Application to YGIN Unit 3 Cycle 2 and UCN 3 Cycle 1

In cycle 2 of YGON Unit 3, 49 data sets were measwwed dwing the fast power ascension test to
determine ZAM and BPPCC for each CPC channel. 3AMs used in cycle 2 are shown in the left side
of Table 2 &), Considering the inverse 3ANM matrices and test walues of SAWs, it can be sadd that
CPC-A, C, D have relatively good SAM while CPC-BE has poor 3AM. Poor guality of Z3AWM for
CPC.E can be explained by the fact that the imverse SADM has two negative elements and the test
wvalue iz far from the optimal wvalue 40, Comparing fouwr 2AMs, it iz observed that CPC-C has the hest
OfLE,

HP3AM s for YON Uit 3 Cyele 2, recalculated by using the renormalization method, are shown in
the right side of Takle 2 &), The renormalization factors for the 4 charmels were determined using a
reference data taken at 20% power lewvel As shown in the right side of Table 2 a), it is clear that all
HP3&Ms have good test walues and all elements of iverse matrices are positive values. Especially, it
should be noted tha the cuality of 3AM for CPC-B is significantly improved.

In eycle 1 of UCH Uit 3, 166 data sets are measured during the Xenon oscillaion experiment to
determine SAM and BPFCC for each channel, SAMs used in cycle 1 are shown in the left side of
Table 2 4. Considering the imverse 3ANM moatrices and test walues of 3AMs it can be said that all
CPC chatmel have relatively good SALL

For UCH Unit 3 Cycle 1, the renormalization factors are evaluated using a reference data taken at
20% power lewel HPSALMs for UCH Unit 3 Cyele 1 are shown in the right side of Table 2 W It is
clear that all HP3AWMs have good test walues and all elements of irverse matrices are positive wvalues.



Table 2. Properties of the Installed 3AM and HP3 AWM
g) for YON Ut 3 Cycle 2

Installed ASM HPSAM
Chasel SAM Inverse SAM | L5 o A0 Inverse SAM | L5
Value Value
45307 02005 -1.5600,| 02383 00260 00783 35205 07006 -0.1739 | 02719 00450 00242
CPC.A |-07580 36646 -02673| 00526 02803 00325 38990 |.09828 46549 13577 | 00383 02387 00738 |3.9002
07817 D30 48272 | 00426 00261 0223 01593 09542 4.5316| 00031 00487 02354
52013 23617 06197 0190 01305 -0.0041 IRTTS 06637 0.1884 | 02685 00438 00243
CPC-B |-03447 36017 08203, 00410 02738 00628 | |-10167 45752 -13866 | 00609 02423 00760 |39867
19466 17600 3209 | 00964 00710 026 [T | 01392 09115 4.5750| 00040 00470 02330
43185 04846 -09101,| 02436 00370 00529 IR0 06798 01650 | 02676 00441 0029
CPC-C |-08709 4.1603 -09288,| 00381 02560 00602 39674 |-1.0000 46084 13368 | 00611 02409 00738 |39810
04677 06757 48389 | 00317 00394 02202 01354 00286 43017| 00046 00484 02367
46510 09608 -06810,| 02318 00583 00dd5 18919 06799 01661 | 02678 00dd1 00230
CPC.D |.03466 33753 .04288.| 00326 02992 0036 40832 |-1.0280 46087 -13391| 00610 02409 00739 |39823
13044 05855 41098 | 00689 00241 02522 01361 09288 4.5052| 00045 00483 02363
W for TCH Unit 3 Cyele 1
Installed ASM HPSAM
Charmel SAM Inverse SAM | 195 SAM Inverse SAM | L°%
Value Value
43325 09494 00927 | 02458 00526 00216 39527 06826 -0.1396 | 02641 00434 00210
CPC.A | 11644 47793 -14256 | 00663 02358 00757 | 40151 | 10665 435980 12028 |00631 02412 00723 |39705
01681 D823 45183 | 00212 00449 02359 01159 09163 44324 [00061 00487 02400
47728 12681 00727 | 02298 00627 00223 39368 0£R58 -0.1431 | 02651 00437 00213
CPC.B | 14140 48585 12906 | 0076 02339 00708 | 40678 | 10569 4£061 13005 | 00625 02409 00725 |19726
03588 05904 43733 | 00289 00367 02401 01202 09204 44436 [00058 00487 02395
46973 13130 00797 | 02335 00637 00171 30655 05835 -0.1338 | 02633 00432 00208
CPC-C |-14520 40083 -14681 | 00751 02302 00756 | 41138 | -10780 4 £002 -12802 | 00635 02411 00719 |3.9684
02450 06853 43883 | 0028 00395 02406 01126 09168 44140 [00065 00490 02410
45429 10675 01410 | 02362 00554 00253 39608 0F798 -0.1390 | 0263 00432 00209
CPC.D | 14376 50328 15204 | 00744 02293 00773 | 40012 | 10745 45920 (13011 |0063 02415 00724 |39696
01053 09653 44704 | 00207 00486 02307 0113 09130 44301 [00083 00487 02401

By using the HP3ANMSs the core follow calewlations are performed to  demoonstrate the improved
petformance of the newly determined 3AMs In Fig 3 a), the acouracy of the CPC power distribution
for the YGON 3 Cycle 2 iz compared with the resdts of CECOR. It is observed that 4 CPCs with
HPSAM have smaller rms error than the original CPCs It should be noted that CPC-B shows much
smaller rms error with HPSAM, compared with the large uncertainty with the ariginad 3a40. CPC-A,
C, and D show dight improvement since the original Z3AMs are good enough In Figo 3 W), the
accuracy of the CPC power distribution for the UCH 3 Cyele 1 is compared with the results of
CECOR. It is observed that 4 CPCs with HPEAM hawve smaller rms error than the originsl CPCs
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¥ . Conclusions

In this paper, for accurate estimation of excore detector responses a renommadization method is
introduced By rencrmalizing the spatial weighting function to the measwed data, accwrate detector
sighals can be obtaned for a given awial power distribtion. Based on the renormalization scheme, a
novel method to determine the high performance 3ALM (HP3AWMD for CPC is proposed and its
effectiveness 13 vwalidated TUnlike the current method, simulated data are used in the HPSAM
methodology.

Application of the new method to VON Unit 3 cwde 2 and TCH Umt 3 cyele 1 shows that the
new method can provide 320 of high fidelity, Prediction error of CPC power distributions with
respect to the CECOR resuts remains fairly amall throughoat the entite core cycde. We concude that
HP3AM can be efficiently obtained in both irndtial and reload cycles and it can be used with high
reliability throughout the cycle even in 18-month cyele operstion. Consequently, the new method will
result in improved operational flexibility.

W hawe shown that the relishility of CPC can be significantly improved by using the new method
developed in the presert work. In CE-type nuclear power plant, the thermal margn is direclly affected
by the uncertainty of CPC. Therefore, it iz poterfially expected that additional thermal margin can be
available by applying the HP3AM methodology.
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