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Abstract

The integrated Core On-line Monitoring and Protection Aid Surveillance System (COMPASS) is devel oped
for the purpose of supporting the reactor operation, based on the three-dimensional nodal design code,
MASTER. The heart of COMPASS is an adaptive nodal core simulator for the on-line calculation of three-
dimensional assembly and pin power distributions which are used for the evaluation of the thermal margins and
for the guide in operation. In this paper, the overall structures and the solution methods of COMPASS are
described. The uncertainty of COMPASS for SMART core was also evaluated by comparing that of MASTER.
The results showed that COMPASS uncertainty in power shape prediction is identical to that of the design code
system, MASTER. The application of COMPASS to the analysis of peaking factor for SMART core resulted with
about 4% gain in peaking factor margin when compared to COLSS

1. Introduction

There is an increased demand for more and improved software and hardware support for the on-line analysis
of the pressurized water reactor (PWR) core for a safe and economical operation. Maintaining a nuclear power
plant within its Limiting Conditions for Operation (LCOs) is necessary condition for safe operation and
acceptable transient consequences. These LCOs are delineated in the Technical Specifications. There are many
systems in a nuclear power plant that are used to help the operators maintain the plant within the LCOs.

For the on-line monitoring and surveillance for the digital CE-plants, COLSS (Core Operating Limit
Supervisory System)!¥ has been operated for many years. COLSS was developed in a simplified and
conservative way due to the immature computer system and technology in 1970’ s. Since it adopted a very simple
numerical solution models for the on-line operation, it unavoidably resulted in excessively conservative thermal
margins which degrade plant operation economy. In recent years, by virtue of the computer technology we can
obtain high operation performance which was partly impossible in the past due to computing time requirements
for power distribution evaluation.

Based on the self-reliance in the commercial PWR design and construction technology in Korea, KAERI is
developing System-integrated Modular Advanced ReacTor (SMART) of 330 MWt for supplying the energy for
sea water desalination as well as for electricity generation®. Asa part of the digital safety instrumentation and
control system of SMART the integrated Core On-line Monitoring and Protection Aid Surveillance System
(COMPASS) is developed on the basis of the COPS (COre Protection and Surveillance)® system. The heart of
COMPASS is an adaptive nodal core simulator for the on-line calculation of three-dimensional assembly and pin
power distributions. The main results of the on-line adaptation procedure are the fluxes, which are optimally
adapted to the incore detector measurements and the model parameters (cross sections) adjusted to reproduce



this adapted flux map. These model parameters are then used in the on-line three-dimensional core analysis.

The goa of this paper is to describe the solution methods and the power prediction uncertainty of
COMPASS. The solution methods are outlined in section Il. In section I, system uncertainty results are
presented. Thisisfollowed by conclusions of this report in section V.

Il. Solution M ethods of COM PASS

The adaptive procedure within COMPASS is described as the following. First, the adaptive simulator of
COMPASS converts incore detector readings into local box average fluxes using detailed three-dimensional,
two-group diffusion theory calculation imported from the design code, MASTER™ and Kaman filter
techniques®®. These are provided for the instrumented nodes in the core. A core-wide box average flux
distribution is then obtained through the use of calculated spatial flux coupling coefficients®, which relate the
fluxes in the instrumented nodes to those in the noninstrumented nodes. Model parameters such as fast and
thermal absorption production cross sections are then adjusted in each core node such that the given flux map of
average fluxes derived from the process is reproduced.

2.1 Incore Detector Signal Adaptation

The on-line evaluation of the fixed incore detector signals determines the optimal node average fluxesin the
instrumented nodes by use of Kalman filter technique and detailed three-dimensional, two-group nodal
calculation.

Kaman filter can be regarded as an extension of the Gaussian method of the least mean sguares to
stochastic processes. The task is to estimate a system variable x (optimal node average fluxes) from a measured
signal z (detector signals) where the system variable itself might not be directly measurable. The detailed
Kalman filter theory is not presented here. Instead, the final Kalman filter equation for the optimal node average
fluxes from the detector signals and the calculated fluxes from the nodal solution is summarized.

ol 2
—fi i i ] i i
fg_fg,cal+Kg(Ag,m- a Hg¢fg¢,oa|) (1)
g&1
where
Ui
f g = optimal node average flux in group g in instrumented node i,
f ig,ca = calculated node average flux in group g in instrumented node i,
i
Kig = Kalman filter coefficient in group g (= . PHig : ),
s?+H!PH
[¢] g
A;’m = measured activation rate in group g in instrumented node i,
P = calculation error,
i, det
H, = conversion factor (=S : ig,cd ).
gca

N

= measurement error,

S = detector cross section,



f et = calculated detector average flux in group g in instrumented nodei.

The calculated detector average fluxes and activation ratesin Eq. (1) are determined by alocal interpolation
of the flux inside a node containing a detector.

2.2 Extrapolated Fluxesin the Core

For the core analysis we need to know the true flux distributions in every node in the core. We can obtain
them in the instrumented nodes from the optimally estimated fluxes provided by the Kalman filter technique.
However, we do not have them for the noninstrumented nodes. In COMPASS the extrapolated fluxes in
noninstrumented nodes are obtained by combining the optimally estimated fluxes in instrumented nodes and the
coupling coefficients which are calculated by the node average fluxes and outgoing currents provided by the
three-dimensional nodal calculation.

The starting point for the derivation of a“Nodal Extrapolated Fluxes’ is the two-group nodal equation:
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InEq. 2 &5 .S; , fg, 1, C and jyp represent mesh size in direction u, average cross sections,

fluxes, eigenvalue, prompt fission spectrum, and partial currents of the node m.
Eg. (2) can be transformed in a form which describes the coupling between instrumented and
noninstrumented node average fluxes. By introducing spatial coupling coefficients g'g“us derived from the

average fluxes f g.ca and currents Jgus « Of the nodal solution, Eq. (2) can be casted into the form for the

noninstrumented box mk:
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fo = extrapolated flux for the noninstrumented node m¥,

mf (U) = left (right) node adjacent to the non instrumented box m* in the u-direction,
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In the above equation we assumed that the spatial coupling coefficients of the best estimated state are equal
to those of the diffusion theory calculation. Eq. (3) is solved for noninstrumented nodes by using the vectorized
red-black Gauss-Seidel iteration scheme.

2.3 Cross Section Adjustment

In this section a nodal method is presented how the absorption cross sections (S, , S,,), which are free

parameters of the model, can be adjusted in a core such that a given flux map (extrapolated flux distribution) can
be reproduced. This will coincide the system parameters with the core conditions with respect to the core
eigenvalue and flux distributions. This type of nodal method is called the backward nodal solution method in the
sense that cross sections are determined for given fluxes and eigenvalue. The results of this method are the
absorption cross sections which form a consistent set of eigenvalue, currents and fluxes of the forward(normal)
nodal solution. The adjusted cross sections are obtained by solving forward nodal solution iteratively.

The starting point for the derivation of the backward nodal solution is the two-group neutron diffusion
equation in P,form. With the partial currents, the extrapolated fluxes and cross sections, the free parameters
( S., Saz) can be determined from the node neutron balance equation:
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Since the partia currents and fluxes are related in nodal solution, Egs. (4) and (5) are solved iteratively
including thermal feedback effects on the cross section. For example, in the NEM (Nodal Expansion Method)!”
the outgoing partial currents on the left and right surfaces are given as functions of the diffusion coefficients, the
incoming currents, the one-dimensional flux expansion coefficients (asq,, 84q,) and the given nodal extrapolated

fluxes.
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2.4 System Structure

A flow diagram of the overall structure of COMPASS is presented in Figure 1. In COMPASS the input such
as core geometry, cross sections, derivatives of cross sections and core boundary conditions are transferred from
the nuclear design code MASTER via the COMPASS data base file. COMPASS provides periodically its
operation record file containing power history with MASTER for the detailed core follow calculation and
receives its data base file.



I11. Results

In order to ensure that COMPASS is capable of faithfully capturing the characteristics of the best estimate
nuclear design code MASTER, its prediction uncertainty in power distribution has been evaluated and compared
with that of COLSS using SMART Cycle 1 core configuration'®. During power operation of SMART, three
different control rod groups take charge of the core power control. The incore detectors consist of 20 radial
detectors having 5 axial segments™.

For the evaluation we set up a large number of power shapes from the data set of 105 actual power shapes,
which cover the most of the spectrum of power profiles resulted from a power maneuvering simulation during
core life. The 105 actual power shapes consist of three different axial xenon distributions (equilibrium, top and
bottom peaked) at each of the seven power levels (105%, 100%, 90%, 80%, 70%, 60%, 50%) for the five
burnup points (0, 300, 600, 900, 1050 EFPDs). These test cases include extremely skewed power shapes of
which the axial offset (A.O.) isin the range of -50% to +50%.

The in-core detector signals are generated by the best estimate code MASTER and then inputted to both
COMPASS and COLSS. COLSS synthesizes the core axial power distribution from the in-core detector power
signals by a Fourier series method!™® and then generates a pseudo hot-pin power shape using the pre-calcul ated
F., data generated by MASTER. The current COLSS uses the core maximum F,, corresponding to each of
control rod configurations. However, we aso tested COLSS with the layer-wise F,,’' s for reducing the power
prediction error coming from F,, evaluation.

Figure 2 shows the comparison of the nominal core axial power shapesin BOC and EOC of SMART Cycle 1.
The COLSS axial power shape agrees well with the reference at BOC but significantly deviates from the
reference at EOC. The axia power peak F, and the hot-pin F, prediction errors are evaluated and summarized in
Table 1. The COLSS results show a large deviation from the reference code MASTER. The rather large
deviation results from the simple and conservative synthesis of core power distribution by Fourier series method
and F,y used in COLSS. The total uncertaintiesin COLSS F, and Fj are estimated to be 4.29% and 3.72~5.78%,
respectively. However, the COMPASS power prediction is exactly identical to MASTER. This means that the
overall COMPASS uncertainty is the same as MASTER' s peaking factor uncertainty™ and that the additional
penalty required for the uncertainty in peaking factor generation can be eliminated.

The overall computational time of COMPASS required for one time step adaptation (TIME in Fig. 1) is
about 2.8 seconds on SUN ULTRA SPARCII-300 MHz. If we follow the same calculation period of current
COLSS logic in which pseudo pin power distributions are synthesized every 10 seconds, COMPASS
computational timeis considered fast enough to produce them for on-line monitoring and surveillance.

IVV. Conclusions

COMPASS has been developed and tested for the 105 actual power shapes of SMART. From the uncertainty
evaluation results described in section 111, the COMPASS peaking factor uncertainty is no more than that of the
design code MASTER. However, current COLSS logic requires additional uncertainty of about 4% in the
peaking factor for the same pseudo pin power measured. This bigger uncertainty in the COLSS peaking factor is
due to the ssimple and conservative way of synthesizing the core power shapes, and in consequence it loses the
thermal margin for core operation. In contrast, COMPASS eliminates the uncertainty involved in producing
pseudo pin power peaking factor for the on-line core monitoring and it thus increases the thermal margin for core
operation.
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Figure 1. Flow Diagram of the Calculation Procedure of COMPASS
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Figure 2. Comparison of Nominal Axial Power Shapes for SMART Cycle 1

Table 1. Comparison of F, and F, Prediction Error

Average (%) STD (%) TL® (%)
F, 0.27 2.71 429
COLSS Fq 15.57% 5.83 5.78"
2.789 3.87 372"
COMPASS F, 0.00 0.00 0.00
Fq 0.00 0.00 0.00
eF F

F, @ Prediction Error = &

~"2(q) coLss(compass) ~ 'z

A
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(a) 95/95 Tolerance Limit

(1) Maximum F, used
(2) Layer-wise Fy, used

*  Upper Tolerance Limit

** | ower Tolerance Limit

z(gq) MASTER

(q) MASTER gxlOO (%)
s
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