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1. Introduction, the objectives

The first two levels of WER-440 reactor safety defense in depth [1] (see also
Appendix 1) are based on online surveillance measurements in several cases. In case
of the reactor, the online core monitoring is used for this purpose. The consequences
of the abnormal events ("third level of [1]") are mitigated by limiting the initial and
boundary condition parameters of the normal operation states ("first level of [1]"),
which are frequently called as ,,frame parameters" [2]. Most of them can be checked
by the online surveillance measurements. Moreover, also the early indication of
abnormal events in due time by the monitoring ("second level of [1]") can be utilized
for further limiting of the consequences if additional appropriate frame parameters are
set up.

In accordance with the above general considerations, the paper is focusing on an
abnormal event, namely on the fuel assembly misloading, where the online core
monitoring plays especially important role as the given abnormal event can be
indicated in due time only this way. The questions to be answered by this study are as
follows.

• How to indicate the abnonnal event of misloading, what combination of the
online measured (and calculated) quantities can be applied as ,,frame
parameters" for this purpose.

• How to evaluate the uncertainties of the measured data, determining the above
"frame parameter" uncertainties.

• How to built the above uncertainties into the determination of the appropriate
operational level of the indication of the abnormal event - in order to indicate
it with high confidence level but to avoid the erroneous indication in normal
operation at high probability, too.

• What are those satisfactory configurations of the measurements (number and
position of the detectors) at which the above, to some extent contradictory
requirements are met, or with other words, the given safety related function of
the online monitoring is fulfilled.

In the given special case, all the above questions are to be answered as a function of
the reactor power, because the abnormal event must be indicated in due time, after the
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reloading during the uploading phase at lower power rate, when the consequences of
the local power perturbations are still milder.

To answer the above questions, a Monte Carlo method was developed, namely the
deviations of measurements from the "true" values are sampled. The true values are
simulated by realistic reactor physics calculations both for the normal and abnormal
states. The sampling parameters were determined by matching the statistical behavior
of the real measurements. The other source of the uncertainties, also modeled by the
Monte Carlo method, was the availability of the individual detectors, because in spite
of the very great variability of the detector failures, only minimum number of the
available measurements and very general rules can be prescribed in the Technical
Specification. These possible prescriptions were taken into account in the sampling
procedure as constraints.

The functions of the above mentioned limits, the relationships between them are
summarized in Fig.l. The margins Ml and M2 in Fig.l are to be applied as a
consequence of the uncertainties of the measurements and the reactor states. The main
objective of the given study is to quantify these margins, namely to determine the
P(M1) and P(M2) confidence levels, where P(M1) is the probability that an existing
abnormal event is indicated, while P(M2) is that there is no erroneous indication in a
normal operation reactor state. Selection of a lower operational indication level (OIL
in Fig.l) is advantageous for P(M1) but disadvantageous concerning P(M2), and vice
versa. Therefore, an additional task was to find an optimum value of OIL. In
principle, the "true" indication level (TIL in Fig.l), which is a boundary condition for
the DBA analyses, should also be the subject of a parametric study, because
increasing this level without reaching the safety level (SL in Fig.l) can lead to higher
P(M1) and P(M2) probabilities. Nevertheless, in the given first step of the
investigations, the OIL parameter was fixed according to the available DBA analyses
of the fuel assembly misloading initiating event, which were performed earlier.
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Fig. 1. Limitations at different levels of the defense in depth concept concerning core
monitoring

2. Safety related functions of the online core monitoring in WER-440 reactors

In the WER-440 reactors, maximum 210 temperature measurements above the
assemblies and the inlet loop temperatures allow to determine the assembly-wise
temperature rise and power in the measured positions. Additionally, in 36 further
assemblies, in-core self power detectors are operating, providing information about
the axial power profile. The recent study is focusing on the temperature measurements
only, because the number of the radial positions of the self power detectors is not
enough to give satisfactory information about the local perturbations caused by the
assembly misloading.

The general functions of the on line core monitoring are twofold:

1. Indication of the abnormal events like
- fuel assembly inisloading,
- inadvertent misalignment of the Control Assemblies,
- partial or full blockage of one or more coolant channels (for example due to crud
deposition).
2. Utilization of the measurements to refine the online calculated "frame parameters"
of the local power limitations, like maximum linear heat rate, pin power, sub-channel
outlet temperature.
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The limited local parameters mentioned in the above second point are not measured
directly, therefore calculations are necessary for their determination. The boundary
conditions of these calculations can be regarded as known only in case when it is
justified that the reactor is in normal operation state (see function of the above first
point). But in this latter case, the calculations are merely enough to check the local
power limitations, and the advantage of using the measurements is "only" the
decreased uncertainty. On the other hand, from the abnormal events mentioned in the
above first point, the first one (misloading) can not be indicated by other
measurements, and, to the authors opinion, this function can be regarded as the most
important one.

There are two possibilities to indicate ("recognize") the abnormal reactor states.

1. By evaluation of the measured asymmetry factors for the i-th radial position of
a symmetry sector, AF(i), which are

AF(i) = max(y) (1)
AT(i)

where

- the/ index stands for the equivalent positions of the different symmetry sectors,

- AT(i) is the average temperature rise of the equivalent positions in the z-th
position inside the sector.

2. By comparison of the calculated (not refined!) and measured temperature rise
values

In case of an ideal symmetric core, without any uncertainty, the above defined
quantities should be zero, consequently, if their value exceeds a certain limit, one can
conclude that the reactor is in an abnormal state. On the other hand, the defined
quantities are never equal to zero due to the uncertainties, detailed in the next chapter.
Therefore, the question is how to define the operational limit of indication to initiate
the necessary interventions but to avoid the unnecessary ones. That is the question
which has been already raised in connection with the Ml , M2 margins, P(M1), P(M2)
probabilities in the introductory part and to be answered in Chapter 6 of the paper.
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3. Uncertainties of the measurements and the reactor states

In order to quantity the uncertainties originating from the measurement errors and the
unknown deviations from the assumed nominal symmetric reactor physics
characteristics (for example scattering of the fissile material content), large number,
namely approximately 5000 reactor states, belonging to 22 differently loaded cores of
Paks NNP were investigated. According to the preliminary investigations, all the
selected reactor states were normal, symmetrically loaded, without observable crud
depositions, the statistical average deviation of the calculated and measured
temperature rises not exceeding the usual 2.5 %. The uncertainties were quantified by
calculating the so called "symmetry scattering" defined in the following way. First,
the uncertainty a2(AT(i,k)) of the z-th position of the symmetry sector was
determined:

( 2 a )

a2(AT(i, k)) = -^ ' w h e r e

V J N(i)\

they index stands for the equivalent positions of the different symmetry
sectors,

• AT(i,k) is the average temperature rise in the z-th position of the symmetry
sector at the k-Hi reactor state,

• N(i) is the number of available measurements in the symmetric positions.

The above expression, called here as "symmetry scattering", is an unbiased estimate
of the standard deviation of the temperature rise in the sense detailed below.

The symmetry scattering can be evaluated for each position of the symmetry sector (z
index) and for each investigated reactor states (k index) and according these indexes
can be illustrated in histograms. Fig. 2 shows such a histogram for Unit 1 Cycle 15 of
Paks NPP.
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Fig. 2. Histogram of symmetry scattering for Unit 1 Cycle 15 of Paks NPP
at FP, 0.02 °C aperture

The symmetry scattering quantity can be averaged for the positions and the reactor
states and for the different cycles. Supposing it not depending on the positions and
reactor states, this average is also an unbiased estimate. The data in Table 1 show its
significant stability for different cycles and units. The average is 0.53 °C. The
,,relative symmetry scattering" by definition is the "symmetry scattering" divided by
the average core heat up; the above 0.53 °C corresponds to 1.6 %. The latter one is
used during the sampling procedure of the Monte Carlo method detailed in Chapter 5
of the paper in case of the nominal power.
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Table 1 Symmetry scattering values for different units and cycles
Unit/Cycle

1/14
1/15
1/16
1/17
1/18
2/12
2/13
2/17
2/18
3/10
3/12
3/13
3/14
3/15
4/10
4/11
4/12
4/13
4/14
4/15
4/16

Scattering (°C)
0.62
0.53
0.65
0.52
0.57
0.62
0.61
0.65
0.62
0.54
0.51
0.43
0.46
0.42
0.64
0.51
0.51
0.50
0.51
0.45
0.45

It is important that the numerator in both cases of formula (1) and (2) is a difference
of quantities having the same expected value in normal operation, and they can be
influenced by the common mode uncertainties or fluctuations like average flow rate,
average inlet temperature, reactor power, common mode calibration uncertainty of the
temperature measurements only in the second order, if (2) is expressed as a relative
value to the average heat up. Therefore, both mentioned quantities express the
influences of the following deviations:

1. Deviation of the individual assembly flow rates from the average
2. Deviation of the reactor physics characteristics of the individual fuel assemblies
(for example fissile material content) from the nominal ones
3. Deviation of the individual assembly inlet temperatures from the average
4. Individual temperature measurement errors

The 1.6 % relative temperature rise uncertainty (applied in the Monte Carlo procedure
detailed in Chapter 5 for the nominal power) is understood also in the above sense.
The great advantage of the outlined procedure is that both the uncertainty estimation
and the abnormal state indication are based on the same type of measurements.

The above investigations of the uncertainties were performed at nominal power. The
relative symmetry scattering would be approximately unchanged at lower power if it
was originated only from sources 1 and 2, given above, while it would be in inverse
proportion to the power being originated exclusively from the third and fourth
sources. As far as the different sources could not be separated, the procedure detailed
for the nominal power above was repeated at lower power rates and the results given
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in Table 2 were obtained. The conclusion is that the uncertainties of nuclear and flow
rate origin are dominating also at lower power, which is advantageous from the low
power online monitoring indication capability point of view.

Table 2. Symmetric scattering values at different reactor powers
Power

100%
5 5 %
30%

Symmetric scattering

0.53 °C
0.33 °C
0.25 °C

Relative symmetry
scattering

1.6%
1.8%
2.3 %

Another algorithm of the indication of abnormal states is based on the comparison of
the calculated and measured relative temperature rises. According to the validation
procedure [5], the average KARATE temperature rise relative error is 2.0 %, which is
applied in the second type Monte Carlo investigations.

4. Reactor physics calculations of the distributions of the normal and abnormal
reactor states

As it was mentioned already, the role of the pre-calculated distributions in the Monte
Carlo investigation was that these results were regarded as "true" values and the
"measured" and "calculated" values were generated by modifying them with a
sampled correction according to the statistical behavior obtained from the symmetry
scattering or from the validation results.

hi the DBA analyses, the misloading is modeled as an inadvertent exchange of two
fuel assemblies. On one hand, investigating the technical circumstances, the estimated
frequency of misloading is very low, and only inadvertent exchange of the reloaded
assemblies could be imagined. On the other hand, the calculated distributions showed
that according to the migration area, the caused perturbations are localized to the 2-3
radial assembly environment, so the individual misloaded assembly event can be
covered by the exchange.

The investigation of the exchange of assemblies was performed for Cycle 15 of Unit 1
of Paks NNP, which can be regarded as equilibrium one, by using the KARATE code
system [3].

The unperturbed distributions were also utilized to investigate whether the probability
of indicating abnormal state at normal operation could be kept low.

The perturbed distributions can be grouped into two classes:

1. Reactor states, where non of the asymmetry factors exceeds the TIL ("True
Indication Limit"). These reactor states are to be investigated by the DBA
analyses.

2. Reactor states, where at least for one of the assemblies the TIL value is exceeded.
These reactor states are not investigated by the DBA analyses, therefore they
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must be indicated by the online monitoring at low power at high confidence
level.

In the present study, the DBA analyses has not been repeated, therefore the TIL quantity
was given as 7 %, and the investigations were focusing on the above second group of
reactor states. According to some preliminary calculations, the exchange of assemblies
loaded into the core at the same time as fresh can not cause larger asymmetry than 7 %,
that decreased the number of states to be calculated significantly. Taking into account the
above considerations, the following exchanges were calculated:

• All the variations of the exchanges of differently aged assemblies inside the 60
degree symmetry sector, utilizing the 30 degree mirror symmetry, too: 520
distributions

• All the variations of the exchanges of differently aged assemblies between the
opposite symmetry sectors; 520 distributions. According to the calculations these
perturbations were very close to the corresponding ones but between the adjacent
sectors, that can be explained by the fact that the perturbations are localized.

The above 1040 perturbed distributions together with the unperturbed one were used
as the data base of the Monte Carlo calculations representing the "true" temperature
rises.

5. The Monte Carlo algorithm for quantifying the core monitoring effectiveness

The algorithm is based on the Monte Carlo simulation of the measurements, where the
"true" normal and abnormal measured distributions were simulated by KARATE
calculations. In the algorithm, the "true" distributions are modified by the Monte
Carlo sampling. The standard deviation of the Gaussian sample distribution was
obtained from the on line monitoring system measurements, performed at symmetric
states (see Chapter 3). Another Monte Carlo sampling is applied to determine the
availability of the detectors individually, which is repeated until the prescribed
constraints are fulfilled. The latter ones can be the percentage of the available
detectors or/and the prescription that at least in the second neighbor of each assembly
must be a measurement. The indication procedure can be based on the "measured"
asymmetry factors or the comparison of the simulated "calculations" and
"measurements". The indications are counted and the above procedure is repeated
until a convergence of the ratio of the indicated and not indicated cases is reached.
The procedure is outlined on the flowchart of Fig. 3.
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Fig. 3. Flow chart of the applied Monte Carlo algorithm
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6. Results of the investigations

The different variants of the calculations, performed by the Monte Carlo algorithm of
Chapter 5, can be classified according to the following characteristics.

Reactor power:

• 100 %, the relative error of the temperature rise is 1.6%
• 55 %, the relative error of the temperature rise is 1.8 %
• 30 %, the relative error of the temperature rise is 2.3 %

Available temperature measurements above the assemblies

• All the 210 measurements are available.
• 75 % of the measurements is available and at least in the second neighbor of

each radial position a measurement is existing.

Abnormal (and normal) states

• The less recognizable abnormal but not covered by the DBA analyses state.
According to the investigations this is an exchange of two neighbor assemblies
(No. 221 and 222 for Unit 1 Cycle 15) leading to an asymmetry factor of 7.5
%

• Statistical selection of the exchanges with equivalent probability
• Normal operation state (must not be indicated)

Indication method:

• Measured asymmetry factor
• Comparison of the calculated and measured temperature rise distributions

In Figs. 3-5, the probabilities of indicating the less recognizable (but not covered by
the DBA analyses) abnormal state and those for the normal operation are shown at
different power levels and detector availability as a function of the Operational
Indication Level (OIL) parameter. It can be seen that for the 100 % and 55 % power
cases, that appropriate values of OIL can be found (5.4 % and 6.1 % for 100 % and 55
% power respectively), which leads to enough high P(M1) and P(M2) probabilities
even at 75 % detector availability, therefore the safety related function of the core
monitoring can be fulfilled. At the same time, at 30 % nominal power such a value for
OIL could not be found for the less recognizable abnormal state even at 100 %
detector availability. Nevertheless, if the different assembly exchange events are taken
into account in a statistical approach (see Fig. 6), the 7.9% OIL is an appropriate
value leading to high enough probabilities; P(Ml)=0.992 and P(M2)=0.990.
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P(M1): Probability of indication of the abnormal
state; 75% of the det.

P(M1): Probability of indication of the abnormal
state; 100% of the det.

P(M2): Probability of not indication of the
symmetric state; 75% of the det.

P(M2): Probability of not indication of the
symmetric state; 100% of the det.

4.5 4.7 4.9 5.1 5.3 5.5 5.7 5

Operational Indication Level (OIL) of asymmetry factor (%)

Fig. 3. Probabilities of indicating the less recognizable abnormal state and that for the
normal operation, 100 % power, indication based on the asymmetry factor

j j . 85

- • - P(M1): Probability of indication of the
abnormal state; 75% of the det.

- * - P(M1): Probability of indication of the
abnormal state; 100% of the det.

- * - P(M2): Probability of not indication of the
symmetric state; 75% of the det.

- * - P(M2): Probability of not indication of the
symmetric state; 100% of the det.

5.4 5.6 5.8 6 6.2 6.4 6.6

Operational Indication Level (OIL) of asymmetry factor (%)

Fig. 4. Probabilities of indicating the less recognizable abnormal state and that for the
normal operation, 55 % power, indication based on the asymmetry factor
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P(M1): Probability of indication of the
abnormal state; 75% of the det.
P(M1): Probability of indication of the
abnormal state; 100% of the det.
P(M2): Probability of not indication of
the symmetric state; 75% of the det.
P(M2): Probability of not indication of
the symmetric state; 100% of the det.

6.2 6.4 6.6 6.8 7 7.2 7.4 7.6 7.8

Operational Indication level (OIL) of asymmetry factor (%)

Fig. 5. Probabilities of indicating the less recognizable abnormal state and that for the
normal operation, 30 % power, indication based on the asymmetry factor
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• P(M1): Probability of indication of the
abnormal state; 75% of the det.

P(M1): Probability of indication of the
abnormal state; 100% of the det.

P(M2): Probability of not indication of the
symmetric state; 75% of the det.

P(M2): Probability of not indication of the
symmetric state; 100% of the det.

6.4 6.6 6.8 7 7.2 7.4 7.6

Operational Indication level (OIL) of asymmetry factor (%)

Fig. 6. Probabilities of indicating abnormal states, selected randomly, and that for the
normal operation, 30 % power, indication based on the asymmetry factor
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• P(M1): Probability of indication of the
abnormal state; 75% of the det.

P(M1): Probability of indication of the
abnormal state; 100% of the det.

- P(M2): Probability of not indication of the
symmetric state; 75% of the det.

P(M2): Probability of not indication of the
symmetric state; 100% of the det.

9 9.5 10 10.5 11 1

Operational Indication level (OIL) of asymmetry factor {%)

Fig. 7. Probabilities of indicating the less recognizable abnormal state and that for the
normal operation, 100 % power, indication based on the comparison of calculation
with measurements

Two indication methods, based on the measured asymmetry on one hand and on the
comparison of calculation with measurements on the other hand, were compared (see
Fig. 7). It was found that the effectiveness of the latter one is much less and not
satisfactory.

7. Summary

A Monte Carlo method was developed for the statistical evaluation of the on line core
monitoring effectiveness. The method was applied for the case of the fuel assembly
misloading indication. The "true" measured distributions were simulated by
KARATE calculations. The standard deviation of measurements, necessary for the
Monte Carlo sampling procedure, was obtained from the on line monitoring system
measurements, performed at symmetric states. The great advantage of the outlined
procedure is that both the uncertainty estimation and the abnormal state indication are
based on the same type of measurements.

The investigations proved the satisfactory effectiveness of the online core monitoring
down to 55 % power even in case when only the 75 % of the temperature
measurements is available if the indication is based on the measured asymmetry
factor.
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Appendix 1: The first three levels of defense in depth according to [1]

Level 1

Level2

Level3

Prevention of abnormal operation
and failures

Control of abnormal operation
and detection of failures

Control of accidents within the
design basis

Conservative design and high
quality in construction and
operation

Control, limiting and protection
systems and other surveillance
features

Engineered safety features and
accident procedures

395




