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� The harmonics expansion method is adopted as the major monitoring method.
� BEAVRS benchmark has been used to verify and validate the monitoring system.
� Two improvements have been studied to increase the monitoring accuracy.
� The numerical results indicate that the monitoring is accurate for BEAVRS.
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A 3D on-line power-distribution monitoring system NECP-ONION has been developed and validated in
this paper. It includes plant data processing, core calculation and on-line power-distribution monitoring.
The diagnosis and treatment of the detector failure, core state-parameter calculation and monitoring
method has been investigated to address the key issues of the on-line monitoring system. Detector failure
is diagnosed by comparing with average measurements and monitored responses. The fuel-burnup cal-
culation is performed based on the macro-depletion method due to its high efficiency. The harmonics
expansion method is adopted as the major monitoring method due to its long history of maturity and
success. In the investigation of the harmonics expansion method, the determination of expansion orders
and choice of expansion basis functions have also been studied. The on-line monitoring system NECP-
ONION was verified and validated by the diffusion calculation and real detector measurements for the
BEAVRS benchmark. The verification shows that, for BEAVRS cycle 1 with a complex power history, the
monitoring power distributions are almost identical to the reference power distributions once the detec-
tor ‘‘measurements” are derived from the diffusion calculation. The validation shows that differences
between monitored and measured ones are small for most of the burnup steps from BOC to EOC, except
for a few abnormal discrepancies at specific burnup steps. Investigation shows that those discrepancies
are caused by the detector failure, complex operation history, unknown control rod positions, and
unidentified operation events which cannot be modeled directly in the simulation. Two improvements
have been studied to increase the monitoring accuracy of the NECP-ONION system. The numerical results
indicate that these two improvements are useful to increase the monitoring accuracy for the BEAVRS
benchmark.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

On-line monitoring of 3D power distribution is one of the most
important technologies for a nuclear reactor. Firstly, 3D power dis-
tribution is one of the most direct responses for reactor core safety
but it changes complexly. Secondly, on-line power-distribution
monitoring can be employed to reduce the over-conservative oper-
ating principles (Luo et al., 2000) and hence improve the economy
of nuclear power plants (Peng et al., 2014). Thirdly, on-line power-
distribution monitoring provides useful information for the core
calculation and safety-margin calculation.

Usually, on-line power-distribution monitoring is based upon a
number of neutron-detector measurements at strategically
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selected locations in or out of the core. Since the number of detec-
tors is limited, the locations of the detectors are separated. The
main goal of the on-line power-distribution monitoring system is
to estimate the spatially continuous power distribution from the
real-time discrete measurements.

Several power distribution monitoring methods, such as har-
monics expansion method (Li, 1994), simulation and correction
method (Beard and Morita, 1988), internal boundary condition
method (Chan and Mamourian, 1990), coupling coefficients
method (Terney et al., 1983) and least squares method (Lee and
Kim, 2003), have been developed in the past decades.

Harmonics expansion method, also called modal expansion
method, time synthesis approximation or flux synthesis method,
is the earliest one developed by AECL (Hinchley and Kugler,
1974; Shen and Schwanke, 2012). Its initial purpose was to cali-
brate zone-control-detectors by providing average zone fluxes for
on-line spatial power control. In this method, reactor-core power
distribution is expanded by harmonics, which are high-order
eigenvectors of the neutron-diffusion equation. Detector measure-
ments are used to determine the expansion coefficients. For
CANDU reactors, this method has been in use for about 40 years.
Accordingly, if the expanded function is the error of calculated
power distribution instead of the power distribution, it becomes
error-shape synthesis method (Hong, 2004). Simulation and cor-
rection method, adopted in BEACON (Beard and Morita, 1988) of
Westinghouse, is another method used by the LWR industry.
According to the core state parameters, the neutron-diffusion
equation is solved to obtain the core-power distribution and the
detector ‘‘measurements”, called predicted or calculated values.
What follows is to fit the ratios of detector measured values over
predicted values to obtain a spatially continuous proportion func-
tion defined through the entire core. Finally, the monitoring result
of power distribution can be obtained by multiplying the propor-
tion function to the predicted power distribution. For the internal
boundary condition method, proposed by Chan (Chan and
Mamourian, 1990), the neutron-diffusion equation and detector
measurements are combined by solving the neutron-diffusion
equation directly using the measurements as internal boundary
conditions. It was improved by introducing Kalman filtering tech-
nique to reduce calculation and measurement errors (Jeong and
Cho, 2000). Similarly, in the least square method (Hong et al.,
2005), the neutron-diffusion equation is coupled with the
detector-response equation representing the relationship between
neutron fluxes and detector signals on the least square principle.
Coupling coefficients method, also named CECOR method, esti-
mates power distributions with pre-calculated coupling coeffi-
cients from the neutron-diffusion equation and detector
measurements (Jeong et al., 2014).

The neutron-diffusion equation shows relationship of local
powers at different position in a core; the detector measurement
shows the real-time behavior. On-line monitoring methods com-
bine the neutron-diffusion equation and neutron-detector mea-
surements to achieve the estimation of power distribution from
discrete to continuous. Besides monitoring method, there are also
other important elements in an on-line power-distribution moni-
toring system.

In PWR the in-core fixed detector such as self-powered neutron
detector (SPND) is widely used in the monitoring system due to its
accuracy compared with the ex-core fixed detector and the real-
time character compared with the in-core movable detector. The
SPND is constituted by three main parts, an emitter, a collector
and an insulation. After the emitter captures neutrons and pro-
duces electrons, the collector collects electrons to generate electric
current providing a measurable signal. This signal is transferred
through an amplifier and a lead cable to plant computers. Hence,
in an on-line monitoring system, the detector-measured signals
are electric signals, and the amplitudes of which are directly
related to the detector material (such as the neutron-capture cross
section, electron-emission reaction, etc.) and the electrical ele-
ment. Consequently, attentions should be paid for the following
key issues:

(1) The determination of relationship between the electric cur-
rent signal and the reactor core flux/power (usually called
detector measurement). This relationship would be signifi-
cantly affected by the location of the detector and the mate-
rial of the detector emitter, which means the same signal
may refer to different flux/power values.

(2) The depletion of the detector emitter. On the one hand, since
detector emitter produces electrons by capturing neutrons,
its cross section of neutron capture determines its sensitiv-
ity. On the other hand, the bigger its cross section is, the fas-
ter it depletes. In fact, the depletion of the detector emitter is
one of the main constraints for a detector’s life.

(3) Detector response time. As electrons production takes time,
there is a delay of the detector signal which will lead to a
delay in the response of the on-line monitoring system
(Mishra et al., 2014).

(4) The diagnosis and treatment of the detector failure. Taking
CANDU6 as an example, the detector failure causes the
degradation of setbacks on zone powers and unnecessary
spatial control actions. Consequently, on-line monitoring
system should have a built-in feature to produce reliable
results even after the failure of certain number of detectors.
Traditionally, there is usually one special parameter together
with the measured value indicating whether the detector
signal is good enough. But this parameter expresses more
about whether the electronic elements are working or not.
Nowadays, neutronics analysis performs the diagnosis for
the detector failure by comparing the monitored and mea-
sured values. A detector failure is confirmed when the differ-
ence between these two is larger than an acceptance criteria
or the measured value is obviously out of range.

Besides detector measurements, the on-line power-distribution
monitoring system also requires core state parameters, including
control rod positions, boron concentration, coolant inlet tempera-
ture, core-average burnup and fuel-assembly burnup for the pre-
simulations. The first three state parameters listed above can be
measured directly during the reactor operation. But the core-
average burnup and fuel-assembly burnup are unmeasurable
parameters and they can only be estimated by the on-line
power-distribution monitoring system. It is faster to use the pre-
calculated history condition to estimate the current fuel burnup,
while it is more accurate to calculate the fuel burnup step-by-
step according to the most recent monitoring results based on
the real history condition.

Considering the fact that on-line monitoring results can be clo-
sely related to the reactor safety, confidence on the monitored
results should be guaranteed, which makes the uncertainty analy-
sis important to evaluate the on-line monitoring method and to
reduce the synthesis uncertainty. There are several uncertainty
sources in the on-line monitoring system, including the modeling
uncertainty and input-parameter uncertainty. The detector-
measurement uncertainty is the main contribution to on-line
power-distribution monitoring uncertainty as the detector mea-
surements are strongly influenced by industrial factors and some-
times they may even be failed.

In responding to the above-mentioned key issues of on-line
monitoring system, the diagnosis and treatment of the detector
failure, core calculation, and monitoring method have been inves-
tigated in this paper. A 3D on-line monitoring system named
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Fig. 1. Flow chart of the on-line monitoring system NECP-ONION.
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NECP-ONION has been developed (Li et al., 2015) based on the har-
monics expansion method. The harmonics expansion method is
adopted as the major monitoring method due to its long history
of maturity and success. The fuel-burnup calculation is performed
based on the macro-depletion method. The on-line monitoring sys-
tem NECP-ONION was verified and validated by the diffusion cal-
culation and real detector measurements for the BEAVRS
benchmark.

The rest of this paper is organized as follows. Section 2
describes the on-line monitoring system NECP-ONION and associ-
ated monitoring method. Verification and validation results are
given in Section 3. Conclusions are summarized in Section 4.

2. Method

2.1. On-line power-distribution monitoring system

There are four steps in an integrated 3D on-line power-
distribution monitoring system. The first step is reading measured
plant data, transmitting and processing of data, and performing
detector failure diagnosis. The second step is performing numerical
simulations including core state-parameter calculation, assembly
cross-section calculation, power-distribution and burnup-
distribution calculations, and detector material depletion calcula-
tion. The third step is performing on-line power-distribution
reconstruction by the monitoring method. The last step is the
sensitivity and uncertainty analysis. Flow chart of the on-line
monitoring system NECP-ONION is shown in Fig. 1.

Note that different time steps are used in the system for differ-
ent modules as shown in Fig. 2, in which, Dtc is the time step for
Fig. 2. Time steps for the on-line monitoring system.
the diffusion calculation. This time step depends on the change
of the core state which does not change significantly in minutes.
So this time step can be set to be 10–30 min. Dtr is the time step
for on-line power-distribution reconstruction calculation. This
time step is decided by the requirement of monitoring results
and it is usually set to be 30 s–2 min. Dtm is the time step for the
plant data processing. This time step depends on detector’s
responding character and it is suggested to be 10–20 s.

2.2. Processing of plant data

Data read from plant in this part includes not only detector sig-
nals but also parts of core state parameters. Flow chart of reading
and processing plant data is shown in Fig. 3.

The relationship between detector readings (electric current)
and neutron fluxes can be written as Eq. (1).

I rdð Þ ¼ CdNd

XG
g¼1

rgðrdÞ �UgðrdÞ
� � ð1Þ

where, I is electric current; rd is detector position; Cd is correction
coefficient of detector at rd; Nd is the number density of detector
sensitivity material; g is energy group, g ¼ 1; . . . ;G; rgðrdÞ is capture
cross section of group g of detector at rd; UgðrdÞ is neutron flux of
group g at position rd.

Detector electric signals are affected by sensitivity of detectors,
electric elements and cable, and background signals. These effects
are all represented by correction coefficient Cd. In this paper, the
coefficients are assumed to be known when monitoring calculation
is carried out. Neutron fluxes are calculated by diffusion equation
and are on-line reconstructed.

Flow chart about detector failure is shown in Fig. 4. The prelim-
inary diagnosis is just for measurements. When zero or negative
value appeared, detector failure is considered. Compared with
other measurements, detectors with valuesm times larger or smal-
ler than average measurements are considered failed. In addition,
diagnosis is processed with monitoring calculation by comparing
detector measurements with reconstructed detector responses.
Detector failure is determined when errors between measured
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and reconstructed detector responses are larger than the accep-
tance criteria. This comparison combines measurements of
rounded and symmetric detectors to determine if failure happens.

2.3. Core calculation

Core calculation includes power-distribution calculation,
burnup-distribution calculation, and detector responses prediction
calculation. Flow chart of this part is shown in Fig. 5.

In the on-line monitoring system, one certain burnup time-step
first reads last step information, including the burnup distribution.
Based on the core state parameters, assembly macro cross sections
can be generated for the diffusion calculation. After that, power
distribution and assembly burnup distribution would be updated
with the diffusion solution. The power distribution would be used
as the convergence criteria for burnup and power distribution cal-
culation. The next time step will then use the new burnup distribu-
tion to generate macro cross sections.

In the harmonics expansion method, the core-average burnup
level is used to calculate harmonics from the harmonics library,
with the given boron concentration and control rod position. The
burnup distribution can be used to generate assembly cross
sections.

The increment of the core-average burnup is calculated via the
operation power history and the core heavy metal loading pattern
by,
DBuk
Core ¼

Pk
Core � Dtk
GCore

ð2Þ

where, DBuk
Core is the increment of the core-average burnup in the

operation time Dtk. Pk
Core is the core operation power in the opera-

tion time Dtk; GCore is total heavy metal loading in the core.
Similarly, the increment of the fuel-assembly burnup is calcu-

lated by,

DBuk
AssemblyðriÞ ¼

Pk
AssemblyðriÞ � Dtk
GAssemblyðriÞ ð3Þ

where, DBuk
AssemblyðriÞ is the increment of assembly burnup in the

operation time Dtk; ri is the assembly position in the core;

Pk
AssemblyðriÞ is the assembly power during the time interval Dtk;

GAssemblyðriÞ is the heavy metal loading in the assembly.

2.4. Monitoring method

The definition of harmonics is based on the neutron-diffusion
equation which can be written in operator form as below:

MU ¼ 1
k
FU ð4Þ
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where, M and F are neutron destruction and generation operators;
U is neutron flux; k is effective multiplication factor.

Define operator A ¼ M�1F, then neutron-diffusion equation can
be written as follow:

AU ¼ kU ð5Þ
Fig. 7. Layout of fuel assemblies, burnable poison positions and instrumentation tube po
positions. (b) Instrumentation tube positions.

(a) Layout of fuel assemblies and BPs positions 
This is an eigenvalue equation which has serial eigenvalues and
corresponding eigenvectors. These eigenvectors are called harmon-
ics. Especially, the first-order harmonic, also called as basic or fun-
damental mode, is the neutron-flux distribution. k1 is the effective
multiplication factor.
sitions in cycle 1 (Horelik and Herman, 2013). (a) Layout of fuel assemblies and BPs

(b) Instrumentation tube positions 



Fig. 8. Relative errors of radial average detector responses at different burnup levels.
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It has been proved that harmonics compose a set of complete
basis functions (Li et al., 1997). Taking two-group approximation
as an example, power distribution can be expanded by harmonics:

PðrÞ ¼ jRf1ðrÞ
XN
n¼1

anU1;nðrÞ þ jRf2ðrÞ
XN
n¼1

bnU2;nðrÞ ð6Þ

where, PðrÞ is the expanded power distribution; r is the spatial vari-
able; jRf1 and jRf2 are cross sections; N is the number of harmon-
ics; an and bn are the nth-order expansion coefficients.

The expansion coefficients are solved by detector
measurements.

IðrdÞ ¼ CdNd r1ðrdÞ
XN
n¼1

anU1;nðrdÞ þ r2ðrdÞ
XN
n¼1

bnU2;nðrdÞ
 !

ð7Þ

If the number of detectors is Md, a set of equations can be
obtained as follows:



Fig. 12. Relative errors of radial power distributions from BOC to EOC (Update first-
order harmonic by NECP-CYPRESS).
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Iðr1Þ ¼ C1N1 r1ðr1Þ
XN
n¼1

anU1;nðr1Þ þ r2ðr1Þ
XN
n¼1

bnU2;nðr1Þ
 !

Iðr2Þ ¼ C2N2 r1ðr2Þ
XN
n¼1

anU1;nðr2Þ þ r2ðr2Þ
XN
n¼1

bnU2;nðr2Þ
 !

::::::

IðrMd
Þ ¼ CMNM r1ðrMd

Þ
XN
n¼1

anU1;nðrMd
Þ þ r2ðrMd

Þ
XN
n¼1

bnU2;nðrMd
Þ

 !

0
BBBBBBBBBBB@

ð8Þ
Usually, detector number Md is larger than expansion order N.

The least-square fitting method has been used for the coefficients
calculation.

Krylov subspace method (Verdu et al., 1999), combined with
nonlinear iteration semi-analytic nodal method (NLSANM) (Liao,
2002), has been used to solve harmonics. Krylov subspace method
is widely used in recent years to solve large-matrix-eigenvalue
problems for its attractive efficiency (Zinzani et al., 2008). The
open-source mathematical toolkit ‘‘ARPACK” (Lehoucq et al.,
1997) has been integrated in NECP-ONION for harmonics solution.

Harmonics expansion method is one kind of the expansion
methods. Within which, there are two key problems. One is how
to determine the number of expansion order. Though the expan-
sion number is infinite theoretically, a certain order has to be cho-
sen for practical use. Several problems have been tested with
expansion order varying from 1 to 99 to determine a reasonable
expansion order by analyzing the monitoring errors. The other
one is how to choose the expansion basis functions. Harmonics
data library is proposed in Wang et al. (2011) to compromise the
calculation burden and accuracy. The following study shows that
harmonics data library could not capture the actual operation his-
tory of the monitored core. As a result, expansion basis functions
are real-time updated to improve monitoring accuracy. The nodal
method combined with the Krylov subspace method makes it pos-
sible to update harmonics in real time. Flow chart for monitoring
calculation is shown in Fig. 6.
Fig. 13. Relative errors of radial-average detector responses of cycle 1.
3. Results

Based on above theories, a 3D on-line power-distribution mon-
itoring system called NECP-ONION has been developed. The flow
chart is shown in Fig. 1. It reads and pre-processes plant data, cal-
culates core burnup distribution, obtains harmonics and monitors
power distribution on-line. Validation for each module has been
performed. Detailed description about validation of detector fail-
ure, core diffusion calculation and monitoring module are listed
in Refs. Li et al. (2016a), (2016b) and Li et al. (2016c), respectively.
Fig. 11. Relative errors of radial power distributions from BOC to EOC.
Validation for the integral monitoring system is studied in this
paper.
3.1. Problem description

Verification and validation of on-line monitoring system NECP-
ONION were performed with the BEAVRS benchmark (Horelik
et al., 2013) which was proposed by MIT Computational Reactor
Fig. 14. Detector signals for 9802.9 MWd/tU.



Fig. 15. Detector signals for 326.5 MWd/tU.
Fig. 16. Relative errors of radial-average detector responses with detector failure
diagnosis.
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Physics Group (CRPG) for the qualification of the PWR full-core cal-
culation (Horelik and Herman, 2013). It contains detailed descrip-
tion about a PWR core, including geometry and material, and
operation data, including measured in-core detector data, power
history and critical boron concentration.
Fig. 17. Changes of burnup distributio
Assembly layout and burnable poison (BP) positions in cycle 1
are shown in Fig. 7a. The core power is 3411 MWth with 193
assemblies. Three enrichments are included in cycle 1, 1.6%, 2.4%
n by monitored power feedback.
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and 3.1%. Fuel type is 17 � 17 with 264 fuel rods. There are two
types of asymmetrical BP layout assemblies in cycle 1, with 6
and 15 BPs.

The detector tubes are shown in Fig. 7b. 58 detector tubes with
61 axial detector measurements are provided by BEAVRS bench-
mark. These measurements are obtained by in-core moveable
detectors measuring about once per month when reactor is in nor-
mal operation condition. In practical application, monitoring sys-
tem uses real-time in-core fixed detector measurements. In this
paper, on-line monitoring calculation uses the moveable-detector
measurements as inputs.

3.2. Expansion order determination

Different expansion order from 1 to 99 has been studied for
BEAVRS benchmark with different burnup, for hot zero power,
beginning of cycle (BOC), middle of cycle (MOC) and end of cycle
(EOC). The measurements provided by benchmark are taken as ref-
erences. The relative errors of radial-average detector responses
are shown in Fig. 8, including root-mean-square errors (RMS)
and maximum errors (MAX). It is clearly depicted in Fig. 8 that
when expansion order equals 1, the monitoring error is equivalent
to diffusion calculation error. When the expansion order increases
Fig. 18. Changes of power distributio
from 1 to 30, the monitoring errors are decreased significantly for
all the burnup levels. But when the expansion order is larger than
30, the RMS errors only decreases slightly. Considering the RMS
errors and MAX errors comprehensively, an order of 50 is chosen
for BEAVRS benchmark monitoring calculation.

3.3. Verification

Before comparing with the plant measurements, the primary
verification for NECP-ONION was carried out by comparing with
the diffusion calculation to assess the faithfulness of the on-line
monitoring system against the conceptual design of the NECP-
ONION system.

The flow chart of this comparison is shown in Fig. 9. It con-
tains four steps. (1) Reference power distribution: calculate the
power distribution based on the specified power operation his-
tory by the fuel management code. (2) Detector measurements:
simulate detector ‘‘measurements” based on the calculated flux
distribution and detector cross sections by the fuel management
code. (3) On-line monitoring: on-line reconstruct the power dis-
tribution based on ‘‘measurements”. (4) Monitoring error: com-
pare monitored (reconstructed) power distribution with the
reference solution.
n by monitored power feedback.
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In this paper, the fuel management code NECP-CYPRESS (Li
et al., 2016b), developed by NECP lab, is used for the reference
power-distribution calculation. The power operation history
(Kelly et al., 2014) for the reference power-distribution calculation
is shown in Fig. 10.

Firstly, basis functions are all updated on-line by solving the
neutron-diffusion equation from BOC to EOC. The relative errors
of radial power distributions are given in Fig. 11. From 0 MWd/
tU to 13629 MWd/tU, RMS errors of monitoring power distribu-
tions are less than 0.6% compared with the reference solution.
The reason for this 0.6% discrepancy is partly due to different nodal
methods used in the calculation: harmonics calculation uses non-
linear iteration semi-analytic nodal method and the reference
power distribution is solved by variational nodal method of
NECP-CYPRESS.

Secondly, NECP-CYPRESS is used to update the first-order har-
monic following the monitoring calculation. Fig. 12 shows the rel-
ative errors of radial power distributions. RMS errors in Fig. 12 are
all less than 0.005%. This deviation on the one hand explains that
errors in Fig. 11 are only the difference between different nodal
methods. On the other hand, error of 10�5 is caused by the tighter
convergence criterion of reference solution than that of the moni-
toring calculation.
Fig. 19. Changes of monitored detector res
3.4. Validation

Comparison with detector measurements of the BEAVRS bench-
mark is performed for the validation of NECP-ONION. Traditional
two-step method has been employed for the calculation of BEAVRS
core in Ref. Li et al. (2016c). Validation of the monitoring calcula-
tion was performed for the BEAVRS benchmark from BOC to EOC
of cycle 1. On-line-updated first-order harmonic is employed. Rel-
ative errors of radial-average detector responses between moni-
tored and measured ones are small for most of the burnup steps
as shown in Fig. 13. However, RMS errors and MAX errors at a
few burnup steps are abnormally larger than 2% and 5% respec-
tively. Specifically, the RMS error is 3.0% and the maximum error
is 9.2% at the burnup of 9802.9 MWd/tU. To understand the rea-
sons of the abnormal discrepancies, two possible causes were
investigated.

Firstly, it is observed that the measurements fluctuate abnor-
mally in the axial direction unexpectedly as depicted in Fig. 14
for detector measurements of 9802.9 MWd/tU. This phenomenon
might be caused by the detector failure.

However, considering the procedure of moveable in-core detec-
tor when measured, detectors are inserted into the core through
instrumentation tubes in assemblies until the top of the assembly
ponses by monitored power feedback.



Fig. 21. Relative errors of radial-average detector responses with employment of
monitoring experience.
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is hit. Detector measurements are then taken as the detectors
being pulled back through the core at a constant speed. If a detec-
tor was failed, measurements should be similar with the shape of
channel ‘‘H11” as shown in Fig. 15. Measurements as shown in
Fig. 14 might be an incident or other unknown operation phe-
nomenon. But in this paper, both measurements like channel of ‘‘
H15”/‘‘G09” in Fig. 14 and measurements like channel ‘‘H11” in
Fig. 15 were considered as the detector failure. As the function of
diagnosis of the detector failure has been implemented in NECP-
ONION, the monitoring calculation was performed again by remov-
ing failed detector readings. As the result, relative errors of radial-
average detector responses decrease slightly as shown in Fig. 16.

Secondly, it is observed that it is difficult to simulate real-world
detector responses because of the complex operation history,
unknown control rod positions, and unexpected radial tilts of the
detector measurements for the BEAVRS benchmark problem.
Specifically, the unexpected radial tilt of detector measurements
at BOC, caused by some unidentified operation events, cannot be
modeled directly in the simulation.

Because detector measurements are the real reflection of the
core operation states, two improvements for on-line monitoring
have been studied to increase the monitoring accuracy of the
NECP-ONION system as follows.

Due to the complex operation history, unknown control rod
position, unidentified operation events, approximation of the diffu-
sion solver, the calculation of core burnup distribution based on
the diffusion-based power distribution was not necessarily the
reflection of the real distribution. Hence the first improvement is
to use the monitored power distribution instead of the diffusion-
based power distribution to calculate the burnup distribution more
realistically. As the power distribution and burnup distribution
affect each other, the accuracy of on-line monitoring will be
improved with this new approach. Taking the second monitored
points as an example, the corresponding burnup distribution,
power distribution, and monitored detector responses are shown
in Figs. 17–19, respectively. Burnup and power distribution chan-
ged greatly but monitored detector responses changed slightly. It
demonstrates that the monitoring accuracy improves slightly as
shown in Fig. 20. The second improvement is to use the monitored
power distribution of the last step as the fundamental mode. On
one hand, the radial tilt of detector measurements is part of the
reasons for the monitoring error. Hence the use of the fundamental
mode reflecting such tilt would improve the monitoring accuracy.
On the other hand, use of the most recent monitored power distri-
bution as the fundamental mode is benefit for the monitoring sys-
Fig. 20. Relative errors of radial-average detector responses with monitored power
feedback.
tem to capture core characteristics caused by operation events
which cannot be modeled by the diffusion calculation. Similarly,
slight improvement is observed by this method as shown in Fig. 21.

4. Conclusions

A 3D on-line power-distribution monitoring system, NECP-
ONION, has been developed. It includes plant data processing, core
calculation and on-line power-distribution monitoring. The diag-
nosis and treatment of the detector failure, core state-parameter
calculation and monitoring method has been investigated to
address the key issues of the on-line monitoring system. Detector
failure is diagnosed by comparison with average measurements
and monitored responses. The fuel-burnup calculation is per-
formed based on the macro-depletion method due to its efficiency.
The harmonics expansionmethod is adopted as the major monitor-
ing method due to its long history of maturity and success. In the
investigation of the harmonics expansion method, the determina-
tion of expansion orders and choice of expansion basis functions
have also been studied.

The on-line monitoring system NECP-ONION was verified and
validated by the diffusion calculation and real detector measure-
ments for the BEAVRS benchmark. Before comparing with the plant
measurements, the verification was carried out by comparing
NECP-ONION monitoring results with those of the diffusion calcu-
lation to assess the faithfulness of the on-line monitoring system
against the conceptual design of the NECP-ONION system. The ver-
ification shows that, for BEAVRS cycle 1 with a complex power his-
tory, the monitoring power distributions are almost identical to the
reference power distributions once the detector ‘‘measurements”
are derived from the diffusion calculation.

Detector measurements provided in the BEAVRS benchmark
problem were then used to validate NECP-ONION. The validation
shows that differences between monitored and measured ones
are small for most of the burnup steps, except for few abnormal
discrepancies at specific burnup steps. Investigation shows that
those discrepancies are caused by the detector failure, complex
operation history, unknown control rod positions, and unidentified
operation events which cannot be modeled directly in the simula-
tion. Based on the investigation, two improvements were proposed
to increase the monitoring accuracy of the NECP-ONION system.
The first improvement is to use the monitored power distribution
instead of the diffusion-based power distribution to calculate the
burnup distribution more realistically. The second improvement
is to use the most recent monitored power distribution as the
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fundamental mode to capture core characteristics caused by oper-
ation events which cannot be modeled by the diffusion calculation.
Numerical results indicate that both of these two improvements
help to increase the monitoring accuracy for the BEAVRS bench-
mark. Furthermore, the uncertainty of the nuclear cross-section
data will be propagated to the monitoring results. This will be a
very important topic of the future work.
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