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ABSTRACT 

The paper describes the measurement apparatus and evaluation methods regularly used 
at Paks NPP for reactor noise diagnostics analysis. Three main application areas are treated in 
detail: detection of in-core vibrations, coolant flow determination and estimation of MTC 
(Moderator Temperature Coefficient of reactivity). Benefits of non-intrusive diagnostics 
methods are discussed and illustrated by practical examples. Long term trends (spanning over 
several years) of selected reactor parameters monitored by noise methods are presented, as 
well. 

1 INTRODUCTION 

Reactor noise diagnostics is a tool for detecting anomalies in an early stage. It can 
directly estimate reactor parameters immeasurable by conventional methods and can 
determine their deviation from normal state without disturbing stationary reactor operation. 
Due to the extreme environmental conditions (high temperature, intensive radiation) present 
in the reactor core, as well as due to economic considerations, noise diagnostics is 
traditionally based on signals measured by the standard detectors installed to monitor reactor 
operation. These noise investigations are made possible by small fluctuations around the 
nominal values of the various reactor parameters. 

Paks NPP consists of four identical VVER-440/213 type PWR units. Noise 
measurements have been carried out since the commissioning of these units and a regularly 
measured and systematically composed noise data archive is available since 2000 (see Fig. 1). 
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Figure 1: Time table of the noise diagnostics measurements at the units of Paks NPP 

2 MEASUREMENT SYSTEMS 

At Paks NPP currently the third generation of noise measurement systems (see Table 1) 
is in operation. It is called PAZAR by the Hungarian abbreviation of Paks Autonomous Data 
Acquisition System (see Fig. 2) and it can measure virtually all available noise signals [1]. 
Analysis of the regularly performed and evaluated measurements may uncover additional 
information which can be used to identify unwanted core changes in an early stage [2]. 

Table 1: Short overview of the noise measurement systems at Paks NPP 
generation  I II III 
name PDR system CARD system PAZAR system 
operation 1983-1989 1989-2007 2004- 

capabilities 

Magnetic tape 
recording of 14 noise 
signals 
Off-site evaluation 
with a spectrum 
analyzer 

In principle all reactor 
signals are available, but 
multiplexed into a 
smaller 18-32 noise 
signal group for 
digitalization 
On-site computerized 
measurement and 
evaluation 

Quasi-simultaneous 
digitalization of all 
signals 
Direct and scheduled 
measurements 
Client-Server mode 
operation and access 
through intranet for 
arbitrary evaluations 
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Figure 2: Architecture of the PAZAR reactor noise diagnostics system 

2.1 Available noise signals for core monitoring 

The present PAZAR system is able measure and process 384 noise input signals 
simultaneously. Input signals from a reactor unit are as follows: 

• 288 SPND (Self Powered Neutron Detoctor) signals (arranged in 36 detector strings, 
each containing seven rhodium detectors and one compensation cable) 

• 50 thermocouple (TC) signals, arbitrarily selected from 210 in-core and 24 loop TCs 

• 1 reference signal 

• 12 reserve signals (e.g. ionization chambers, vibration detectors can be connected to 
the system later) 

3 METHODS AND RESULTS OF DIAGNOSTICS 

3.1 Detection of in-core vibrations 

The effect of the vibrations of the reactor in-core structures appears in the noise signals 
of the standard in-core neutron flux detectors, as well. Most of the deviations can be observed 
through the statistical analysis of these signals. 
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Figure 3: Detection of control rod vibration at different units 

Flowing coolant may induce vibration of the control rods because of their special three-
joint structure. The effect of the vibrating absorbent on the neutron flux can be so large that it 
can be observed even at a distance of 3-4 fuel assemblies. The typical base frequency of this 
vibration is around 1.1-1.3 Hz. This kind of vibration was first observed at Unit 2 in 1985 (see 
Fig. 3). Because of the relatively small number of measured detectors a difficult theoretical 
calculation had to be applied to localize the most probable position of the vibrating control 
rod and the hypothesis was proven in the reactor with decoupling the suspected rod from its 
group [3], [4]. 

At present all 36 SPND chains are available for noise diagnostics. Based on them a 
simpler method of vibration monitoring of the control rods can be used. This method simply 
plots the magnitudes of each detector signals in the frequency characterizing the control rod 
vibration in a core map and this map can be easily used to localize a vibrating control rod. 

Fig. 4 shows such a situation at Unit 4 in 2001, where a 1.1 Hz peak was observable due 
to a slight vibration of the control rod at core position 18-49. The figure contains 
characteristic spectra of SPND 19-46 and 21-48 (located in the vicinity of the vibrating 
control rod), the peak at 1.1 Hz is clearly detectable in the APSD (Auto Power Spectral 
Densities), when frequency range between 0 and 5 Hz is plotted. 

3.2 Core coolant flow surveillance  

The velocity distribution of the coolant flowing through the fuel assemblies can be 
measured using a correlation technique on the same SPND signals. Direct measurement with 
traditional methods is not possible by using the instrumentation of the reactor. Effect of the 
changes in the operation of the reactor can be well identified in the trend diagrams of the 
velocity values (see later). 
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Figure 4: Noise map of a control rod vibration at 1.1 Hz at Unit 4 in 2001.  

(The vibration source is marked with a white X.) 
 

3.2.1 Coolant flow determination 

Perturbations moving with the coolant flow along a detector chain appear in the signal 
of the detectors of the chain, and so the transit time of the perturbation between any two 
detectors can be determined by investigating the correlation or the impulse response function 
of the detector signals. Impulse response function makes the reading of the transit time easier 
because it is less distorted by the global part of the neutron flux fluctuation than the 
correlation function. Impulse-response function between detectors N1 and N2 of the same 
chain ( 2,1 NNIMP ) is defined by 
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Here 1−FFT  indicates inverse Fourier transformation, 1NAPSD  is the auto spectrum of 
detector N1 and 2,1 NNCPSD  is the Cross Power Spectral Density function between N1 and N2. 
Figure 5 illustrates the impulse-response functions of rhodium SPN detector pairs: the transit 
time of the perturbation is approximately 0.35 s. 

 
Figure 5: Cross correlation (above) and impulse response functions (below) with transport 
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3.2.2 Analyzing coolant velocity trends 

Since 1997 – after extensive steam generator decontaminations – crud deposits occurred 
on fuel assembly spacers in Units 1-3. Unit 4 was not affected because there was no 
decontamination there. In October 1997 a characteristic and significant asymmetry in the core 
outlet temperature distribution was detected during the start-up of cycle 14 by the VERONA 
core monitoring system [5], [6] (see Fig. 6).  

Noise Diagnostic Measurements at Paks NPP

292827262524231 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

272625242322211 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

2726252423222120191 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

252423222120191 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

0

1

2

3

4

1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 2009 2011
Date

U
ni

t

+ = Measurement
1, …, 29 = Cycle

 
Figure 6: Core asymmetry anomaly at Unit 2 caused by massive decontamination of steam 
generators (with the map of core outlet temperatures by Verona core monitoring system) 

Distribution of the coolant velocity in the core was mapped by noise diagnostics method 
using those fuel assemblies, which were equipped with SPND detectors (see Fig 7). Resulting 
trends show decreased coolant velocity in a region of the core. 

 
 

Figure 7: Coolant velocity maps of the core with crud depositions 

In March 1998 Unit 2 was shut down for refueling and all fuel assemblies were 
investigated in off-core equipment to measure and analyze the nature and extent of crud 
deposition. Our in-core measurements were in a good agreement with the off-core hydraulic 
measurements. After Unit 2 was started up for cycle 15, AEKI has performed additional in-

1997 core assymetry 
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core measurements to analyze the situation in the new cycle and the asymmetry was not 
observable. 

Since 1998 measurements have been performed regularly for all units (every four 
weeks, see Fig. 1). The reason for these relatively frequent measurements is the ageing of the 
Paks units: as they approach their originally designed service time (30 years), problems may 
arise with steam generator (SG) radiation levels. Keeping SG maintenance dose limits may 
require more frequent SG decontaminations, but decontaminations may cause certain 
problems in water chemistry and may produce extra corrosion. These phenomena require 
continuous monitoring in order to detect potential problems in time. The trends of Fig. 8 
prove these requirements, as new crud deposits have caused coolant flow reduction at Unit 2. 
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Figure 8: Coolant velocity anomalies caused by crude depositions at Unit 2 in 2001  

(Unit 4 is shown as reference for a “clean” core). 

Noise analysis is the most effective at nominal reactor power, because fluctuations in 
the parameters are the highest then. Below 50% of the nominal power the noise is so low that 
traditional noise diagnostics methods can hardly be applied using the present instrumentation 
of the reactor. Changes in the reactor power can be observed in the coolant velocity trends, as 
well. 

At Paks NPP power uprating to 108% power level was gradually carried out at the 
individual reactor units since 2006. This change induced slight increases in the average core 
coolant velocities, as well. 

Since the second half of 2005, a new type of fuel assembly was gradually applied at 
Paks NPP. The new fuel assemblies have two important differences with respect to the 
previous type. They contain gadolinium burnable poison and the lattice pitch was slightly 
increased to obtain a better thermal-hydraulic performance of the assemblies. The latter has an 
effect on the coolant velocity, as well: the slightly decreased thermal-hydraulic resistance 
yields a slightly increased mass flow and somewhat higher coolant velocity.  

In the cycle starting at the second half of 2007, the rotor of one of the main coolant 
pumps (MCPs) at Unit 4 was replaced resulting higher mass flow in the loop and so the 
coolant velocity was increased, as well. In the following cycle the planned nominal mass flow 
of the loop was set by grinding the rotor.  

These phenomena can be well identified in the velocity trends of Units 1 and 4 in Figs. 
9 and 10, respectively. 

Newer crud depositions 

No more crud depositions 
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Figure 9: 12 years long trend of average coolant flow velocity in the core of Unit 1 

 

 
Figure 10: 12 years long trend of average coolant flow velocity in the core of Unit 4 

3.3 Estimation of MTC 

Moderator temperature coefficient of reactivity (MTC) is an important parameter for the 
reactor safety, and it must be kept in a specific range (e.g. for the Paks VVER-440 type 
reactor pcm 0pcm 70 <≤− MTC  is required). Determination of the MTC value with 
traditional methods is elaborate, it involves setting a reactor state which differs from normal 
operation, and so it is mainly applied at the beginning of the fuel cycle. The noise diagnostics 
method improved by us allows the monitoring of this parameter during the whole fuel cycle. 
Application of the method was possible only after the installation of the new noise 
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measurement system at the Paks NPP, therefore only the MTC trends of the last some years 
are available for illustration. 

The noise estimation method is based on the fact that moderator temperature (like any 
other operational parameter) has small fluctuations around its nominal value, and these 
fluctuations induce fluctuations in the neutron flux through various mechanisms. Accordingly, 
MTC can be estimated by measuring the fluctuations and modeling these mechanisms. 

The basic formula of MTC estimation with noise methods is defined in ANSI (1997): 

( )
( )tT
tMTC ave

mδ
δρ

=  (2) 

where ρ  stands for the reactivity, ave
mT  denotes the core average of the moderator 

temperature and t  is the time variable. In point kinetic approximation the following estimator 
can be derived: 
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where ω  denotes the circular frequency, )(0 ωG  denotes the zero reactor transfer 
function, ( )ω

δ ave
mTAPSD  is the auto power spectral density function of the core average of the 

temperature fluctuations and the normalized neutron flux fluctuations, and ( )ω
δφδφ ave

mTCPSD ,/ 0
 

is the cross power spectral density function between them (for more comprehensive 

explanation see [7]). In the frequency range of 0.01-1 Hz 
β
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is responsible for averaging over the core when using core input temperature for the 
estimation, where ω  stands for the frequency and x  for the position calculated from the 
middle of the core, u  denotes the average coolant velocity in the core and h  is the height of 
the core.  

( )
τω

ω
⋅⋅+

=
i

HTH 1
1

 (5) 

is the transfer function of the relatively slow thermocouples of τ  response time 
available in the measurements (for details see [7]) 

The optimal process parameters were determined by considering the frequency response 
of the 1H  estimator and by minimizing the statistical and systematical error of the results (see 
[8]). Consequently a frequency resolution of 012.0≤∆f  Hz, relatively long (≥80 s) FFT 
windows and at least one day long measurements are applied. The frequency range of the 
evaluations is [ ]Hz 375.0Hz 2375.0 −∈f  

3.3.1 Trend of the MTC values calculated at the individual reactor units 

MTC values produced with the enhanced MTC estimation method are shown in this 
section for the four units of the Paks NPP from October 2009 [9]. For Unit 1 the evaluation of 
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previous fuel cycles are also displayed: the measurements of the fuel cycle 25 were originally 
used for developing and evaluating the present method.  

In this four years measurement period several changes were introduced in the operation 
of the units. Power uprate of the unit was started in fuel cycle 25. The fuel cycle was started at 
100% power and it was gradually increased during the first two months of the cycle up to 
108%. Since then the unit is operated at this power level. From fuel cycle 27 new, radially 
profiled fuel assemblies with larger lattice pitch were gradually applied. As it was shown in 
the previous section, these changes can be observed in the average coolant velocity trends. 
Note that the core coolant flow rate is an input parameter of our MTC calculations.  

In the graphs empty symbols denote the reference values provided by the Reactor 
Physics Department of Paks NPP. Filled symbols were used to show the results of the noise 
diagnostics based estimations. The X axis shows the effective day within the fuel cycle 
instead of absolute dates (i.e. calendar days) for better comparison. 

Generally it can be observed that the steepness of the estimated MTC trend is slightly 
lower than the trend of the reference values. 

At Unit 1 estimations made during fuel cycle 25 fit well to the reference values (see 
Fig. 11). However, the measured values slightly deviate in the last third of the fuel cycle. The 
new measurement series are available from the second half of fuel cycle 27 up to the first half 
of fuel cycle 28. These trends also fit well to the reference values.  
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MTC trend, Unit 3
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Figure 11: MTC trends of the four units at Paks NPP 

MTC trend of Unit 3 fits well to the reference values. There is a slightly larger 
difference between the trends and reference values at Units 2 and 4 because of the lower 
signal qualities; however the difference is still within 40%. It is important to note that the 
reference values are calculated during core design time, so they do not contain effects of 
changes in reactor state and reactor control, while the measured values are influenced by all 
these changes. 
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4 SUMMARY 

Methods and results of regular noise diagnostics measurements performed at Paks NPP 
were outlined in this document. Practical use of process surveillance for plant operation 
purposes was illustrated by control rod vibration monitoring measurements, by core coolant 
velocity mapping and by estimating MTC trends.  
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