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Abstract

The Axial Power Distribution Monitoring System(APDMS) program was developed to
calculate a detailed axial power distribution using two-level excore detector, cold leg
temperature and control rod position signals. The unnormalized two-level excore detector
signals were corrected for the rod shadowing factor determined by control rod position
and for the temperature shadowing factor calculated based on cold leg temperature. A
shape annealing matrix was then applied to the corrected excore detector response to yield
peripheral power. After the core average power was obtained using linear relationship bet-
ween core average and peripheral power, the boundary point power correction coefficient
was applied to core average power in order to obtain boundary power for both upper and
lower core axial boundaries. Then, the axial power distribution was synthesized by spline
approximation. In spite of burnup, power level, control rod postion and axial offset changes,
the comparisons of axial power distributions between BOXER simulation program and
APDMS results showed good agreements within 5% root mean square error for Kori Unit
3 Cycle 4.
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1. Introduction

Axial power distribution control is at the heart
of any nuclear power plant operation. Yet, the
operating plants in Korea rely on a technology
developed 20 and 30 years ago to perform this
vital function. Available information on axial
power distribution often lacks detailed and real-
time characteristics needed to operate the plant
as efficient as possible. Lack of accurate and real-
time axial power distribution data not only leads
to reduced capacity factor, but also results in in-
efficient core control strategies and procedures
that increase operating costs and replace addi-
tional duties on the operating staff.

Currently, the detailed axial power distribution
is not directly measurable for the nuclear power
plant with a two-level excore detector system
such as Westinghouse designed Korean Nuclear
Units. Only excore and incore axial offsets(AO)
are calculated as a gross axial power indication
of top and bottom half using two-level excore
system to monitor and control reactor core.
Therefore, axial puwer control in these units is
pertormed on a trial and error basis with only AO
information. Experience can be a strong in-
fluence, but lesson learned in the past may not
be applicable to the current fuel burnup. Also,
because the operator does not normally have a
reliable analytical tool to support axially oriented
core control, it sometimes leads to an over-
reliance on and overly conservative use of reac-
tor coolant system boron concentration change.
This practice results in the production of larger
quantities of reactor coolant effluent which m;ust
be subsequently processed and which, under end

of cycle condition, could lead to restrictions in
plant maneuverablity.

In order to overcome these difficulties, a
preliminary study was performed by developing
Axial Power Distribution Monitoring System
(APDMS) program to calculate detailed axial
power distribution for at least twenty axial nodes.
The axial power distribution is synthesized us-
ing two-level excore detector, cold leg
temperature and control rod position.

This on-line, real-time detailed axial power
monitoring can support to quantify current core
behavior for direct comparison to limiting condi-
tions for operation. In addition, such a system
can supersede the need of technical specifications
that infer potentially unacceptable core power
distribution.

2. Calculation Method

The core average axial power distribution is
calculated using input from two-level excore
detector, cold leg temperature and control rod
position signal. The unnormalized two-level ex-
core signals are corrected for the rod shadowing
factor(RSF) determined by control rod position
and for the temperature shadowing factor(TSF)
calculated based on cold leg temperature(Tcold).
A shape annealing matrix(SAM) is then applied
to the corrected excore detector response to yield
peripheral power. After the core average power
is obtained using linear relationship between core
average and peripheral power, the boundary
point power correction coefficient(BPPCC) is ap-
plied to core average power in order to obtain
boundary power for both upper and lower core
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axial boundaries. Then, the axial power distribu-
tion is synthesized by solving a set of
simultaneous equation in which the power
distribution is approximated by a set of piecewise
continuous cubic polynomials called spline
function®’,

The overall calculation procedure to obtain ax-
ial power distribution is shown in Figure 1. The

Excore Detector Response (D;)

v
Excore Detector Signal Normalization
Using TSF, RSF
¥

Peripheral Power Calculation Using SAM (P)

-
Core Average Power Calculation Using Linear
Relation (Ptop/ProT)
¥
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Axial Power Distribution Calculation Using
Spline Approximation
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Fig. 1. Axial Power Distribution Calculation
Procedure

detailed calculation method is described as
below.

The RSF is used to account for the alternation
in fast neutron flux seen by the excore detectors
when .control rods are inserted assuming no
change in gross power level. The excore detec-
tor responses are corrected by dividing the RSF
in accordance with control rod insertion in the
core. The RSFs were calculated using excore
detector response changes by control rod inser-
tion as follow:

2 n
2D,
RSF, = P L IO
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where, D is unnormalized excore detector
response.
n=1 is control bank CD in.
n=_2 is control bank CD +CC in.
n=23 is control barkk CD+CC+CB in.

The TSF is used to adjust the excore detector
response for change in Tcold. The temperature
variation in Tcold is accompanied by water den-
sity change across the downcomer region of reac-
tor vessel, which affects neutron attenuation, and
therefore, excore detector response. The excore
detector signal is corrected by multiplying the
TSF in accordance with the Tcold variation from
the nominal value. The TSF was calculated by
producing the best estimate of the excore detec-
tor response variation as a function of Tcold as
shown in Figure 2. The slope of the resulting from
a least square fit is the estimated TSF.
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Fig. 2. Excore Detector Response Change
as a Function of Tcold

Because each excore detector responds to en-
tire axial extent of core but responds most to fast
neutron from peripheral assemblies neasrest to
them, shape annealing correction of detector
responses is required to synthesize an average
axial power distribution. The SAM is utilized to
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calculate the core peripheral power from the ex-
core detector response as follow:

2
i=1.2
P|=§SIIDI =1

where, P, is peripheral power of top and bottom
half, respectively.

D, is corrected excore detector response
from top and bottom half, respec-
tively.

S, is SAM for flux at detector i due to
flux at core peripheral in the jth core
region.

The relationship between core average and
peripheral power is needed to obtain the boun-
dary power. An investigation of the peripheral
and average power for a large range of AO
change shows linear relationship between them
as shown in Figure 3.
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Fig. 3. Relationship Between Core Average
nd Peripheral Power

The synthesis of axial power distribution re-
quires the power for both top and bottom at
boundary, which is calculated based on the core
average power in each region as follows:

w(0)=BPPCC3 x P, + BPPCC4
w(L) = BPPCCl x P, + BPPCC2

where, Prop and Pgor are core average power
in top and bottom half.

(0) and (L) are power at upper and lower
core axial boundary.

The SAM and BPPCC values were calculated
by a least square fitting relating calculated values
of P, and D, during an induced free xenon oscilla-
tion as shown in Figure 4. The mean squre error
is
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Fig. 4. Induced Free Xenon Oscillation at
75% Power
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where, <€> is defined as N .21 p
[ 3

N is number of data sets obtained during free
xenon oscillation.
Similarly, the best values of BPPCC can be ob-
tained as follows:

-1
BPPCCS] <P 10pProp> —<Prop>| | <Prop W(0)>
[ BPPCC4J | —<Prop> 1 —<y(0)>

-1

BPPCC1] <PgotPeor> —<Ppor>| | <Peot W(L)>

BPPCC2 —~Pgor> 1 —<y(L)y>

The normalized core average axial power
distribution is calculated by the combinations of
cubic basis functions which can be solved
simultaneously for five unknown coefficients.
Those five points are two power levels calculated
by excore detector response, two power levels

at core upper and lower axial boundaries, and
the power at core center location.

3. Results and Discussions

Table 1 provides TSF, RSF, SAM, BPPCC and
core average and peripheral power relationship
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for Kori Unit 3 Cycle 4 calculated by BOXER®
and IQSBOX?** simulation codes. First, the
power at center location was investigated in order
to synthesize axial power distribution. The power
at center location was linearly decreased as a
function of burnup as shown in Figure 5. This
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Fig. 5. Power Change at Center Location
as a Function of Core Life

is expected, since a cosine shaped axial power
distribution migrates over core life to a saddle
shaped power distribution as shown in Figure 6.

Table 1. Parameters for Axial Power Distribution Calculation for Kori Unit 3 Cycle 4

Parameter Values
TSF 011125
RSF CD In CD+CChn CD+CC+CB In
.98214 95912 9775
SAM S11 S12 S21 S22
.030715 -.003233 -.001497 .029849
Slope 261516
Intercept .117080
BPPCC BPPCC1 BPPCC2 BPPCC3 BPPCC4
.501738 .139838 628494 .270429
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Fig. 6. Axial Power Distribution Change
as a Function of Core Life

The change in center location response from it’s
nominal value due to xenon oscillation was less
than 5% as shown in Table 2.
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Table 2. Center Location Response as a Function of Core Life and Axial Offset for Unit 3 Cycle 4

Condition BOC MOC EOC
Equilibrium AO -.5700 -2.054 -2.022
Center Location Response 1.2082 1.0765 1.0237
Minimum AO 18.976 -25.37 -28.13
Center Location Response 1.1902 1.0354 .9706
Change from Equiliium 1.490% 3.818% 5.180%
Maximum AO 15.999 22.343 25.308
Center Location Response 1.2027 1.0717 1.0299
Change from Equilibrium .455% .446% -.606%

Table 3. APDMS Calculation Results
Case Burnup Power Rod Position BOXER AO Calculated AO RMS error
(%) (%) (%) (%)
1 BOC 100 ARO -1.882 -.5015 1.564
2 BOC 30 ARO 14.44 15.1448 3.484
3 BOC 75 110 step -18.976 -17.976 2.273
4 EOC 75 ARO 1.332 2.1064 3.275
5 EOC 75 ARO 15.677 18.1693 3.697
6 EOC 75 110 step -20.798 -22.798 4.654




.4
13
12+
1.1 o
1«
.
g 0.9
o
g
g o -
3
x
08 -
04 4 /
(-2} -}
s 4
02 T T L — T T T T
o 100 200 300 0

CORE HEGHT (Cm)
B +  BOXER SMULATION

Fig. 8. Axial Power Distribution Comparison
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Fig. 9. Axial Power Distribution Comparison
for Case 3
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Fig. 10. Axial Power Distribution Comparison
for Case 4
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Fig. 11. Axial Power Distribution Comparison
for Case 5
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Fig. 12. Axial Power Distribution Comparison
for Case 6

Figures 7,8,9,10,11 and 12 provide com-
parisons of axial power distributions calculated
by BOXER simulation code and APDMS pro-
gram. The axial power distributions were
calcualted at 14 nodes for the purpose of com-
parison with simulation code as a function of bur-
nup, power level, control rod position and AO.
It is pointed out that the values of AO analyzed
are very extreme, and would not be encountered
on normal operating situation. Nonetheless, every
cases showed good agreements within 5% root
mean square(RMS) error range as shown in Table
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3.

For practical implementation to an operating
nuclear power plant which has only two-level ex-
core detector system, the following activities are
additionally required.

1) The startup test should be performed to
measure plant and cycle specific SAM and
BPPCC etc. at each reload.

2) The relative power at center location should
be updated by monthly base as an user in-
put. This can be performed by obtaining full
core flux mapping at 100% power and all rod
out condition as required by technical
specification.

3) A minor hardware change is necessary for
connecting excore dtector signal, cold leg
temperature and control rod position to a
plant computer or personal computer through
the analog to digital converter.
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