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Abstract

A fifth—order Fourier series technique is applied in Core Operating Limit Supervisory
System (COLSS) to construct the on-line core average axial power shape from in—core
detector signals because of its simplicity and fast computation. Such a synthesizing accuracy
depends on number of Fourier series modes and axial boundary conditions. COLSS currently
uses the five-mode Fourier series technique which utilizes the five axially located fixed in—core
detector signals and a constant axial boundary condition. Therefore, the constant axial bound-
ary condition should be appropriately chosen based on the evaluation of its effect on the
accuracy of the on-line calculations. The four cases of axial buckling (0.75, 0.8, 0.9 and 1.0)
were examined for Yonggwang Nuclear Units 3&4 as the axial boundary conditions in this
paper. The core average axial power shapes and the operating margins were compared for
each case to determine the optimal constant axial buckling. The axial buckling of 0.9 was

found to be the optimal value.
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1. Introduction

The Fourier series technique [1] has been
widely applied to fit the data measured at finite
locations. The fifth—order Fourier series technique
is currently applied to the on-line synthesis of
core average axial power shape in Core Operating
Limit Supervisory System (COLSS) [2]. COLSS
(Fig.1) is a digital computer based on-line moni-
toring system that is designed to assist the oper-
ator in monitoring of the Limiting Conditions for
Operation (LCO). COLSS uses in—core detector
signals and other plant measurements to monitor
the nuclear power plant status, i.e., plant power,
core average axial power shape and the margins
to the LCO limits [3].
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Fig. 1. Functional Block Diagram of COLSS

The Fourier series technique constructs the core
average axial power shape from the in—core de-
tector signals which is utilized in the on-line cal-
culations of margins to both Linear Heat Rate
(LHR) alarm and Departure from Nucleate Boiling
Ratio (DNBR) alarm. The accuracy of Fourier
series technique depends on the number of mod-
es and the axial boundary condition. Since
COLSS uses the five axially located fixed in—core
instrumentation system, the fifth~order Fourier
series technique was chosen to appropriately de-
termine the Fourier coefficients. In addition, the
current COLSS algorithm allows a constant axial
buckling in the on-line axial power shape synth-

esis. It is therefore important to determine the
optimal constant axial buckling based on its effect
on the COLSS calculations.

2. Description of Axial Power Shape Synthesis

The fifth—~order Fourier series technique uses the
five modes of sine curves with the Fourier weight-
ing coefficients. The core average axial power
shape is constructed based on the trigonometric
form by utilizing in—core detector signals :

oD = 3 AW sin (ix Fp)
- 3 AW sn (2B S5 (1)
=1
and
by) = L o) dz . 2
where

#{2)—Neutron flux at axial location z

A(i)—Fourier weighting coefficients

H—Active core height

¢ —Extrapolated length where neutron flux is
assumed to be zero

B~Axial buckling

D(j)—Normalized detector signals at level j, % of
core power

The axial buckling (B) is defined as follows.

- H
B = H + 25 3)

Substitute Eq.(1) into Eq.(2)

DG) = ,il AW [ sin (ixB Ak 4)
Let
i) = [ sin B 250) de (5)

Then, Eq.(4) becomes
DY) = HGH AG) 6)

Rewrite Eq.(6) in matrix form,
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D=HA 0

The Fourier series coefficients vector, A, is then

determined as below :

A=H'D 8)
From Eq.(1), the axial power shape can be con-
structed by forming the product of the Fourier

series matrix SPLIN and the Fourier series coeffi-
cient vector A.

APKD = SPLIN A , 9)

where
APKD—-Vector of node axial powers
SPLIN—Fourier series matrix
The above two matrices, H™} and SPLIN, are the
prestored constants in COLSS database which
were determined based on the optimal constant
axial buckling.

Table 1. Results of Axial Buckling Variation
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3. Results and Discussions

The four sets of the two matrices, H! and
SPLIN, were generated depending on the
assumed value of the axial buckling (B). This pap-
er examined the four cases (B=0.75, 0.8, 0.9 and
1.0) for typical axial power shapes, i.e., center-
—peak, saddle-type and flat-type which would
occur at beginning of cycle (BOC), middle of cycle
(MOC) and end of cycle (EOC) in sequence. In
addition, the skewed axial power shape is also
studied. The H™! and SPLIN sets were then used
to construct the 20-node core average axial pow-
er shape which was thereafter used in the COLSS
calculations of typical net margins of LHR and
DNBR alarms.

The error between the best estimate and the
COLSS axial power shape is defined as

Case Power B RMSError(%) Net Margin to Net Margin to
Shape 20-node 16-node | LHR Alarm(1) DNBR Alarm(1)
1 Center-Peak 0.75 113 21 116.4 111.6
2 (BOC) 0.8 105 20 116.3 1116
3 0.9 45 08 116.2 1115
4 1.0 13.7 39 116.0 111.0
5 Saddle-Type 0.75 158 43 124.6 106.4
6 (MOC) 08 131 34 124.7 106.4
7 09 40 15 125.3 106.9
8 1.0 171 93 122.9 1059
9 Flat-Type 0.75 85 20 138.1 118.6
10 (EOC) 08 61 14 137.7 118.6
11 09 41 38 1355 119.1
12 1.0 21.1 126 1194 117.8
13 Skewed 0.75 46 28 111.9 104.6
14 Shape 0.8 44 27 111.8 104.5
15 0.9 21 17 1119 104.2
16 1.0 59 37 1124 102.0

Note : (1) The typical values (in % of rated power) which were calculated based on the preliminary
information for YGN 3&4.
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E = FZ( '.) wpisi):lpz( i)ll. x 100 (10)
where

Fz(i)—Normalized axial power at node i (i=1, 2,

N—~Number of axial nodes
The roo—mean-square (RMS) error is then calcu-
lated by

RMS = {-—“5— (11)
COLSS currently calculates the core axial power
shape at 20 nodes. It is general to check the RMS
error based on the 20—node axial powers. Howev-
er, the 16-node based RMS error (excluding 10%
of core bottom and top region) was also evaluated
in this paper because the uncertainty in the core
end region is generally large. Table 1 shows the
root-mean—square (RMS) error of typical core
average axial power shapes and the net margins
to both LHR and DNBR alarms for YGN 3&4.
The overall uncertainties associated with both
LHR and DNBR were incorporated in the net
margins. It must be noted that the net margins in
Table 1 are typical values which were clculated
based on the preliminary information for YGN
3&4. The selection of the optimal constant axial
buckling should be made to give the maximum
limiting net margin and the comparable RMS
errors for the various axial power shapes.

The case of B=0.9 gave the least RMS error
regardless of the axial power shape types except
the 16-node based RMS error for flat-type shape.
The case of B=0.9 also gave the biggest limiting
net margin to DNBR alarm (case #7) and the
comparable limiting net margin to LHR alarm
(case #3).

Figure 2 through Figure 5 show the comparison
of typical axial power shapes with respect to the
best estimate (B.E.) results which were generated

by the best estimate neutronics compuer code [4].

All cases except the case of B=1.0 agree well with

the B.E. center—peak axial power shape (Fig. 2).
The case of B=0.9 shows the best agreement
while the cases of B=0.75 and B=0.8 show a slight
disagreement for saddle—type power shape (Fig.
3). The case of B=0.8 agrees with the best esti-
mate shape better than other cases except at the
first and the last nodes for flat—type power shape
(Fig. 4). This is the reason for bigger 20—node
based RMS error but smaller 16-node based RMS
error for flat-type shape (case #10 in Table 1).
For top—skewed axial power shape (Fig. 5), all of

the examined cases except B=1.0 show good
agreement with the B.E. results.
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Fig. 2. Comparison of Center-Peak Axial Power
Shape
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Fig. 3. Comparison of Saddle-Type Axial Power
Shape
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Fig. 4. Comparison of Flat-Type Axial Power
Shape
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Fig. 5. Comparison of Top—Skewed Axial Power
Shape

Figure 6 and Figure 7 show the distributions of
the typical net margins to LHR alarm and DNBR
alarm. The case of B=0.9 gave the biggest mar-
gin to DNBR alarm for saddle~type and flat-type
shapes, and a little bigger margin to LHR alarm
for saddle—type shape than other cases but smaller
margin to LHR alarm for flat-type shape (cases #
7, #11 in Table 1) than the cases of B=0.75 and
0.8. There is no significant difference in margins
to both LHR and DNBR alarms for center-peak
shape (cases #1—#4 in Table 1).

In summary, the results in the case of B=0.9

give the maximum limiting net margin (case #11
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Fig. 6. Variation of Net Margin to LHR Alarm
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Fig. 7. Variation of Net Margin to DNBR Alarm

in Table 1) and the least 20-node based RMS
errors. It is therefore believed that the constant
axial buckling of 0.9 is optimal value. In addition,
the above results show the dependence of optimal
axial buckling on axial power shape. However,
the constant axial buckling is currently used in the
current on-line axial power shape synthesis due
to its simplicity and fast computation. Since the
upgraded plant computer system enhanced the
capacity of the on-line calculations, the axial
buckling as a function of axial power shape could
be considered in the future.
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4. Conclusions

From the above results, the following conclu-
sions can be deduced: (1) the case of B=0.9 is
the optimal choice of the constant axial buckling
for the fifth—order Fourier series technique in cur-
rent COLSS, and (2) the axial buckling as a func-
tion of axial power shape could be considered in
COLSS to increase the operating margin in the
future.
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