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Introduction
There are several methods which have been developed during the past twenty years

making use of fluctuating processes and acoustic noises to serve diagnostics of

malfunction of nuclear facilities or equipment of nuclear power plants. Some of those

might be of academic interests but many of them are really useful for operation and

maintenance purpose of nuclear power plant management. There are also quite a few

methods which might have direct impact on the safety of nuclear power plant, but

most of the other methods have also impact on safety if we consider safety in wide

sense.

In this summary our aim is to give very short introduction on different types of well

selected noise diagnostics methods and then mentioning their occurrence in WWER

reactors we analyse what impact they might have to operational safety (and for ageing

which also affects on safety of the installations).

We do not deny, that one of our main aim is to call the attention of management staff

of NPP, which deals with safety, safety culture, maintenance, operation and quality

assurance - proving, that such methods and system can give not only benefit to

economy but also impact on safety of nuclear installations.

History of introducing noise diagnostics in Hungarian WWER (as an
example)

It took an extended period of theoretical and experimental investigation to collect

expertise necessary for building an adequate measuring system for noise diagnostic

measurements and learning the interpretation of the estimated results.

Perhaps the most early start of reactor noise investigations was laid down as early as

1957 in Hungary by L. Pal investigating the forward propagation theory for Rossi-

alpha and Feynmann-alpha experiments. 1 After several zero noise measurement a new

period was started in Hungary by G. Kosaly investigating the propagating disturbances
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in boiling water reactor together with D. Wach.2 Until the start of the first commercial

Hungarian NPP in 1981 some topics were investigated in theoretical and experimental

ways like incore vibration, core barrel motion. Also the measurement technique was

developed. 3,4,5

To the start of the first Hungarian commercial NPP Unit (1981) a reactor noise

measuring system has been installed which was capable to measure incore neutron

noise (from 7 detectors) excore neutron noise (4 ionisation chambers) 3 pressure and 3

temperature (core exit thermocouple) fluctuations. Between 1981 and 1987 all four

Units of Hungarian NPP Paks were equipped with off line noise measuring systems of

growing capacity. At the same time a sufficiently large group of scientist dealt with

the off-line interpretation of the result both from theoretical point of view and from

experimental side as well.

The most important areas of theoretical investigation were: propagating

disturbances, incore vibrations, temperature reactivity coefficient and estimation of

standing waves, later the application of auto-regressive analysis and sequential

probability ratio test has been included for parameter estimation and signal

validation.6>7,8,9,10,ll Model experiments were carried out testing the prediction of

different models on a zero size reactor and in a 70 MWe PWR Unit

(Rheinsberg).12>13>14

All these efforts were collected and transferred into a reactor noise measuring and

evaluation on-line, expert system. 15 The first version of that system KARD was

installed in 1991 at the WWER-1000 type Unit 2 of Kalinin NPP (Russia). Two

modified versions named CARD (Computer Aided Reactor Diagnostics) was installed

at Unit 3 and 4 of Paks NPP (Hungary) in 1992. All those systems are still working

and gave several important results. An improvement of the system under nickname

JEDI is on way which uses all modem man-machine interfaces from the development

of the last 5 years. "
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Methods based on analyses of neutron detector signals and some
interesting results demonstrating the capability of those methods

Core barrel Motion Detection

Soviet built WWER reactors suffer very frequently from core barrel motion. Their is

no question about the safety aspects of core barrel motion monitoring, since it is clear

that if the core barrel2 is going to have a large pendular movement it may touch the

reactor vessel, which is dangerous. One of the most prominent case reported until now

was the core barrel motion registered in NORD NPP (Greiswald) in 1988. This

occurrence has been largely analysed in details (see the following publications [1],[2])

The analysis of this event has not been ended yet. Researchers from ZFR have just

published their finite analysis on the subject[3]. From detailed description it was clear

a hold down spring was the cause of the problem This lead to a near pendular motion

of the core barrel. Core barrel was swinging and touching the guide lug(s). One of the

guide lug was worn to half during the fuel campaign. One of the role of these guide

lugs is to prevent that core barrel would directly knock the wall of the reactor vessel.

From the detailed description of the occurrence it becomes clear that noise

diagnostics methods based on frequency analysis of neutron flux fluctuation measured

by state excore neutron detector were able to notice, the register the beginning of the

motion, then to analyse its measure and to follow it during the whole fuel campaign,

proving that there are still some part of the guide lug which prevent the motion from

the free motion, therefore it is still tolerable from the point of view of safety of the

reactor vessel. This is an outstanding example of the usefulness and power of the

noise diagnostics methodology.

It is well known, that core barrel motions have occurred in several other WWER3

reactors as well. One of them was reported earlier from Rheinsberg at IAEA Meeting

[7]. But we have heard about core barrel motion from Khemnitsky, from Kola, and

from other sites as well. It has been reported about core barrel motion from a WWER-

1000 type reactor as well [8]. Originally there use to be a test for core barrel motion

prescribed by main constructor bureau during the installation process for all WWER

2 It is important to clarify that in this respect the terminology might differ due to different translation.
We understand under core barrel the holder, which is hanged from the upper flange (Russian
terminology is: w"tq')
3 We always use terminology WWER instead of VVER, since it serves for abbreviation of Water
cooled Water moderated Energy Reactors
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reactors. But this was carried out before the first load yet using accelerometer.

Unfortunately those records were partly secret, partly they were not fulfilled for each

WWER Unit in spite of the regulation. Nevertheless there is only one well

investigated and easy to access method to build a continuos monitoring for this

purpose and this is based on spectrum analysis of neutron flux fluctuations.

The methodology which is used to detect and measure the pendular core barrel motion

based on spectral analysis of the measurable neutron flux fluctuation. Usually those

excore neutron detectors are used (see Fig. 1.1), which are part of the safety channels

as well. But in addition some other sensors (like in-core neutron detectors or

accelerometers positioned on the reactor vessel) are also involved [2],[4].

ftKNP

Fig. 1.1. Electronics using state excore ionisation detectors of the AKNP safety system

for core barrel monitoring in WWER type reactors

Having the fluctuating part of the power measured by these detectors one can use the

spectral decomposition method introduced by Dragt and Turkcan [Progress in Nucl.

Energy, Vol.l.p293, 1977] . Their program called SPEC-DEC as an abbreviation of

spectral decomposition which is based on hipotesis, that cross-spectral density

function contains a reactivity component, a component from pendular core barrel

motion due to changes of the gap between the core holder(barrel) and reactor vessel

plus white detection noise. Using the formulae from Dragt and Turkcan one can

estimate the direction and the amplitude of the core barrel motion for each frequency.

It is more useful and understandable for operators to present this on a polar diagram

(see Fig. 1.2). From those it is obvious if there is any pendular motion with an

amplitude larger than 16 microns and from the direction one can draw conclusion on
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the source of unbalance as well. Unbalance came usually from the unbalance of the jet

of collant incoming from the loops.

Direction
30*

Direction
30*

500 100 10 1 10 100 500
Amplitude < LOG >

SOC 10C 10 1 10 100 500 ju
Amplitude < L g e >

Fig. 1.2a. Core barrel motion less then Fig. 1.2b. Core barrel motion larger then

10 micron (no motion) was observed 10 microns (less then 100 microns)

was detected into 80 degree direction

This methodology is healthy not only for soviet built WWER reactors but for other

types as well. Since they construction is different they have less tendency to dangerous

motion. Usually they do not knock directly the walls. But usually the have core

support and sometime they have also measuring tubes inserted from the bottom of the

reactor vessel. Therefore in spite the fact that the amplitude of their motion is usually

less, then those of the WWER reactors (since the core support serve as a damping),

these smaller amplitudes are enough to damage those guide tubes for measuring

installations. We have heard about such occurrences in German reactors as well as in

French pressurised water reactors. Breaking those tube can lead to leakage and what is

more dangerous one can loose those measuring channels

Therefore we believe that core barrel motion monitoring is one of the methods to be

introduced to automatic noise diagnostics systems.

In Hungary two Units of Paks Nuclear Power Station have been equipped with reactor

noise diagnostics system containing a half automated core barrel monitoring software

package [5], [6]. Here we give some examples of their display (Figs 1.2a and 1.2b).
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In-core vibration monitoring

WWER-440 type reactors have absorber assemblies. Their driving apparatus might be

jammed. Such case was reported in 1995 from Paks NPP. Their excessive vibration

can cause failure of their moving apparatus as well as damages of neighbouring fuel

assemblies. Reports of excessive vibration of such control elements have been

published earlier [9].

There are no accelerometers available neither in the core of WWER reactors nor in

any other type of PWRs. The first such test has been published just recently in one of

German reactors, but still their burn out rate is too high, they can withstand radiation

only for a couple of months. Today the only reliable information on in-core vibration

can be achieved using in-core self powered neutron detectors, which are state

composite of WWER reactors. In WWER-440 reactors there are 36 strings containing

7 spnd above each others in the core. In WWER-1000 type reactors there are 56

strings in a core. As it has been proven by numerous successful observation each

string can see it own fuel assembly excellently, good visibility was reported from the

neighbouring fuel assemblies, while poor visibility was reported for transport effect

from further assemblies but still acceptable for horizontal correlation. The latter

means that in case of an excessive vibration one of the control assemblies acceptable

coherence and phase was achieved [9] between far standing spnd on distance of 4 to 6

fuel assemblies (each assembly has diameter of 144 mm).

Perhaps the only way to detect and localise incore vibrations is the investigation of

the spectra measured by incore neutron detectors. In a long series of publication

Pazsit and his co-authors has developed the theoretical background for detection and

localisation of incore vibration using neutron flux variation, a comprehensive study

was reported in NSE.20

WWER reactors are well equipped with Rh emittered self powered neutron detectors

(spnd) (there are 36*7 spnd in WWER 440 56*7 spnd in WWER 1000 type). Is has

been proven that the prompt part (which is only 7% of the total signal) is suited for

such noise measurements.
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After preliminary studies in critical assemblies^* the first successful localisation in

a commercial NPP was reported as early as 1986 at Paks NPP. Localisation was based

in that case partly on amplitude (the nearest detectors gave the largest rms value),

partly on the phase and coherence between horizontally placed spnd, which exhibited

anti-phase for detectors on two side of the motion.22

Jft WSD-l •*. blofck
- 1954 f«br. 28-tol -
Nu»!»r of drayn functions: B3; Njoe of di-aun f i l K ovlBupn.au!

2.0 3.0 4.0
FREQUtNCT IHd <lin>

Xi 1.2SW62 2i 3TZ00000

Fig. 1.3. Peak at 1,27 Hz in autospectra measured by excore neutron detector during a

fuel campaign

In 1994 another vibrating control assembly was found using the neutron noise. The

first observation of the vibration was found in the autospectrum from the signal of an

excore neutron detector JA (see Fig. 1.3.), therefore for a long time excessive search

was done to identify the source as core barrel motion. Later other sources of noise

were investigated in the biological shielding. One can arrive to the typical

characteristics of an incore vibration only when step by step approaching to the spot

near standing incore detectors were involved into the measurements. But in contrary

to earlier cases the phase between horizontally placed incore detectors reached only

maximum 82 degree (Fig. 1.4.). This shows that week vibrations can be seen only by

neutron detectors in the neighbouring two layers of fuel assemblies.^ As a

consequence of this case today we claim that all incore detectors should be monitored

in WWER reactors.



Lecturing material for IAEA training Course inSlovakai 1998 by G. Por page 9

jt"1"*" •

V '••. :

0.1 l.Ol 2.0 3.0
X; I.26947S2 ff: l.OSSE-0?

p [Hzl (UK)
Fchi)3h3'.5bs

1.0-

0.1 l.H 2.0 3.0
1,2694762 V: 0.3394922

Fff iKBp [Hz] <UK>

a t 1.0 2.0 3.0
X: \.X8VGl V: 82.588052

FKajEKCV [Hd <U»

0.1 1.0 2.0 3.0
X! 1.2O47K V:-3«.73S5«1

FIEOUENCY CHz] <UK>

g -i8a o-
a i 1.0 2.0 3.0

X: 1.2SM7S5 V: 40.876373
FREQUENCY tie] (UN)

Fig. 1.4. APSD, Coherence and Phase between near standing incore neutron detectors

when control assembly vibration occurs

The main sign of a control assembly vibration was the appearance of opposite phase

with certain coherence between horizontally placed in-core neutron detectors. The

task is obvious: we need software with automatic control out-of-phase. Experience

shows, that all combination between in-core detectors should be checked first. Once

antiphase has been detected a manual package is needed to analyse the nature of that

effect. Only owning with such manual package an expert can say something about the

nature of that antiphase. The expert should take into account all previous lessons

learnt during normal operation. Antiphase can appear due to erroneous connection of

cables, due to transport effects, due to bad statistics, due to transients, etc. In principle

it is possible to built in a knowledge based support system for experts. This system

would contain knowledge and lessons learnt from previous experiences, still an

expert is needed to analyse the appearance, a manpower needed to avoid the false

alarms.
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Fig.l .5. An example of the expert support display. Solid lines show in phase dash

lines show antiphase behaviour at different elevations between spnd signals at

different frequencies (see table)

Conclusion is that since several in-core vibration were reported in WWER type

reactors and also since their detection and analyses was solved successfully with

existing system it is recommended to have such system for safety purposes. Since

many aspects of data analysis cannot be automated such systems cannot be a part of

the safety system but it can be an important part of the operator support systems or

information machines.

Reactivity coefficient monitoring

Reactivity coefficients are regarded as important parameters for operation and safety

of nuclear reactors. Safety margins for the reactivity temperature coefficients are not

monitored today on-line at all. Only the sign of that is checked during the start up

process. We wish to underline the importance to follow the changes of that parameter

since its large negative value is also dangerous for reactor operation in case of

10
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emergency halt. Earlier this was not considered as a safety point but today it became

clear that in case when the emergency system inject cool water into the reactor core it

can response with positive reactivity jump.

Principles Used in the Reactivity Coefficient Measurement Package

As it was mentioned above our program package makes use from the ratio of the cross

power spectral density (CPSD) between the neutron and temperature fluctuation to the

auto power density (APSD) of the temperature fluctuation.

dp CPSDj^^f

~dp~ *'' APSDT

An integral over some frequency range is taken to ensure higher statistical accuracy.

\CPSDmdco

jAPSDTda

The limits of this integration can be fixed (during automatic monitoring) or can be

varied using the manual evaluation. As the limits of integration the following

conditions are taken during automatic monitoring: coherence between the temperature

fluctuation and neutron fluctuation should not be less then 0.05 in average in the given

frequency range. Since in our case high coherence can be expected only on low

frequency range, we start our integration from the second line of the spectra (to avoid

contamination from the non zero average of the signal) and we follow the change of

the coherence while either the average coherence drops below 0.05 value or there is a

sudden drop below 0.01 value. In the latter case according to our previous experience,

the direct correlation between the temperature to neutron noise ends. The first

minimum in coherence is almost always connected to the transition to some other

noise source (c.f. a vibration peak starts). This can be checked manually.

In manual examination lower limits for coherence are still acceptable. There is another

quality check for coupled temperature and neutron noises. While the direct effect from

temperature fluctuation to the reactivity and to the neutron fluctuation governs in the

coherence there is a linear dependence in the phase (Por, IMORN 15, Istanbul). One

can make use of this phenomena when selecting the correct integration limits

manually.

11



Lecturing material for IAEA training Course in Slovakai 1998 by G. Por page 12

j 3 4.4cri
E - 0 5 i '•• '••' ' • " '••'•'

£-06-

E-0~-

E-OS
0.1

0.78U845 ¥; 2.167E-Q7
FREQUENCY LHzJ (LIN)

3.0

c
a

0.10
FCHjSt2-MO1

0.05-

0.00
0.1

180,0--
FPHJ9-

UAv1 v k\i
5 1.0 1.5 2.0 :
G.7811S45 Y: 0.Q27-H6?

FREQUENCY CHz] O.IH)
M.4CM

-180.0

V

0.1 0.5 1.0
X: 0. "8113-55

2.5 3.0

FREQUENCY CHz] <LIM>

Fig. 1.6. Typical APSD, CPSD, Coherence and Phase between neutron and

temperature fluctuation in low frequency range

Fig. 1.6. shows typical spectral estimates in low frequency range (0-3 Hz). One can

notice that the coherence is very low. Unfortunately this is typical for WWER

reactors, since the mantel of the thermocouples is very thick and the top-of core

thermocouples stand at the fuel assembly outlet, therefore temperature fluctuations are

less correlated. Nevertheless one can see the phase depends linearly on frequency up

to 0.8 Hz. This phase behaviour is connected to the well known transport effect. There

is a noticeable peak in the APSD of ex-core neutron detector J9 which is connected to

an in-core vibration. We also know from our previous experience that the standing

wave in the pressuriser affects on the spectra. These are other noise sources, therefore

where the first effect is overwhelmed by these other effects and the coherence drops.

In principle the standing wave pressure fluctuation can also cause temperature

fluctuation and finally neutron fluctuation via reactivity coefficient. But here the first,

direct effect, the effect of density fluctuation on the neutron slow down might be

bigger. Therefore we limit ourselves to the frequency range, where only

thermohydraulic fluctuations play role, this is usually from 0.18 to 0.6 Hz. The clear

transport phenomena also supports this range.

Measurements during a fuel campaign

12
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Here we present an experience in working diagnostic system of a WWER PWR. Its

reactor noise measuring system includes six signals from ex-core neutron detectors

positioned in the biological shielding, three thermocouples at the top of the core

(mounted in the outlet hole of the fuel assemblies) and several in-core self powered

neutron detectors. This system will be extended in the near future to a data collection

system which will be able to reach all 512 thermocouples and all (36*7) in-core

neutron detectors). The automated reactivity coefficient estimating program uses all

ex-core and thermocouple pairs for the parameter estimation. While the ex-core

neutron detector measuring lines are suited for the low frequency fluctuation

measurements at least up to 6-9 Hz, the standard thermocouples of WWER reactors

have very thick mantels, which prevent us to make good spectral estimation for

temperature fluctuation. As we have mentioned the automatic reactivity coefficient

estimation work only when the conditions in coherence is fulfilled. Nevertheless the

trends presented for some pairs are encouraging, showing that the reactivity

coefficient trends follow the expected changes of the parameter with boron

concentration. We have to add, we were not very lucky, since during the given period

there were many malfunction of the thermocouples, which partly destroyed some of

our trends.

One of the best trend is presented on Fig. 1.7. The upper curve represent the calculated

temperature to reactivity coefficient trend. This calculation was done before the start

of the actual fuel cycle. We have to notice that we made two automated measurements

on each weeks. The lower curve show that sometimes there are only two good results

per month in automated parameter estimation. The manual data processing could

improve that picture, but we do not find that necessary.

The measured ratio of integrated CPSD and APSD was multiplied by a calibration

factor C. The factor C was taken simply as the ratio of the first reliable measured

DR/DT value (this was on June 3rd 1994) and the calculated value for the given

effective day. It can be seen from the Fig. 1.7 that the trends of reactivity coefficient is

declining parallel with calculated value.

13
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Fig. 1.7. Estimated and actually measured (using noise method) values of temperature

reactivity coefficient during a fuel campaign

To set safety margins for reactivity coefficient during normal reactor operation

becomes possible only if one can continuously monitor the changes of that important

parameters. Nobody would like to introduce a thermal jump each day to check if that

parameter is still inside the allowed margins. Noise monitoring methods are good in

that sense that they do not disturb the normal operation at all.

There are two methods which have been reported to follow successfully the changes

of reactivity coefficients during normal operation in a whole fuel campaign [10], [11].

They are only partly independent, but they contribute to each other rather well. It has

been demonstrated the general change of the reactivity coefficient could be followed

rather well during a fuel campaign in spite the fact that there were even disturbing

effects. Consequently we can state that such computer based reactivity coefficient

follower can be built in as an operator support measuring device in each Unit. Once

we have an equipment which is capable to follow the changes of that parameter we

can request limits for the given parameter. This is a task now for national authorities.

Transport Effects in Use

hi contrary to boiling water reactors where phase dependence on frequency between

axially placed incore neutron detectors exhibits quasi linear behaviour^ just a phase

undulation was found at the beginning of the core life in WWER-440 reactors. It was

shown in experiments on Rheinsberg PWR reducing the flow to the boiling stage in

14
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one instrumented fuel assembly, that the phase becomes really linear with the onset of

boiling.23 Later we found that the phase characteristics are in correlation with the so

called linear power generation in the given fuel assembly. It was found analysing

several years of noise measurements, that phase dependence exhibits quasi linear

behaviour when the linear energy production exceeds 2 MW/m. For higher energy

production, the linearity of the phase dependence was in correlation with the

probability of the subcooled boiling in the given assembly. This is programmed in the

expert part of the CARD system (see details later). Figure 1.8 shows the hot spot

localisation mapping.
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Fig. 1.8. Mapping of hot spot in WWER reactor using the linearity of the phase

dependence

Since the shape of the phase varies it was more convenient to use a modified cross

correlation function for coolant velocity estimation, than derive the velocity from the

slope of the phase. Velocity mapping was achieved on this way (see Figure 1.9).
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How to organise the diagnostics in NPP

There are different point of view on diagnostics of nuclear power plants. Some people

claim that diagnostics is only the normal checking which is prescribed by

manufacturers of the main components of the nuclear power plant, they disregard the

developments in data collection systems and computer aided expert diagnostics

systems. Some other people tends to order a ready made, rather sophisticated, fully

automated, intelligent, expert system, which would give them guarantee that if their is

a beginning of malfunction then it gives warning, later alarm, and if it says everything

is OK then it is 100% OK. they do not like such terms as missed alarms or false

alarms. They are used to safety systems, and they believe that they should get a system

which acts automatically.

We believe that both attitude toward diagnostics is erroneous. What we need today is

the following. We can and we have to purchase diagnostics systems based partly on

fluctuation of different measurable parameters or on vibrations. Recordings and

primary data evaluation should be done automatically. The most time consuming data

analysis work as well as those expert analysis which can be automated should be

automated. As a product of such system we get warnings that something is getting

wrong with some indication what can be the cause, where to start further analysis, or

we can get a message that everything was unchanged in the measured parameters.

Here starts the role of the experts which should analyse the warnings coming from the

automated system with manual methods and comparison with the plant data. Such

activity cannot be automated in the future as well since there is always a chance that

one get something new, a new effect or new problem, which had not been before,

consequently no way to learn it for any intelligent learning system. We believe that we

cannot miss the careful analyse made by expert today and in the future as well.
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The human factor has an overwhelming importance in diagnostics. They are the best

to avoid false alarms. Also they are able to present the results in a form which is

acceptable for others: for maintenance work, for management, for safety people etc.

This is a second task, and it is as important as the first one. One of the biggest

problem today is to make comprehensive report which would be east to understand by

other specialists. If the expert tries to explain his or her conclusion using terminus of

noise diagnostics, like spectra, coherence, autoregressive modelling etc. then the

others cannot follow that and they will not accept the conclusion, they will not take

actions. If expert gives only the final conclusion without explanation then nobody

believes that plus it does not corresponds to the requirements of the quality assurance

as well. This later gives the correct solution to this problem. According to the quality

assurance program it is essential that the types of the report, their routes to the

interested persons their contains and how to use it will be prescribes in details. Expert

should have a detailed plan that in case of a loose part where and to whom make the

report. What should be the contains of that report. It is clear that each case differs

from another case. There must be a part, which is flexible. But this must be the

smaller part of those reports (less than 20% of the total report). It cannot be the task of

the expert to define to whom send the report. Also the action to be taken by addressee

should be a part of the plant regulations. And this is a task for the plant management

to organise now this part of noise diagnostics.

Systems for noise diagnostics ofWWER nuclear power plants

hi spite the fact that fluctuation measurements in nuclear reactors has been started as

early as the nuclear age, since Feynman and Rossi had applied the noise methodology

named after them to measure important parameters of nuclear process from the very

beginning, noise diagnostics is still not a part of standard procedures for Nuclear

Power Plants. We believe that the delay was caused mainly by technical difficulties to

get reliable statistical parameters with early electronics. After the development of the

past twenty years in electronics and computation technique the fluctuation

measurement became a very effective tool to detect, monitor the malfunction of an
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industrial system or to estimate some of its parameter. Today this method is one of the

most rapidly developing tools and more and more widely used for monitoring

purposes, for early failure detection, for enhance the reliability of the given system

helping to maintenance work, and to improve the safety via reliability of a Nuclear

Power Plant (NPP). The time has come that noise diagnostics can became

standardised procedure for nuclear power plants.

Permanent systems developed for noise diagnostics of WWER Plants

Here we restrict ourselves to those permanent noise diagnostics systems which were

developed by Hungarian firms for WWER type NPP. It is well known, that Siemens

also has installed several systems on WWER plants and there are some system

developments in Slovakia [Kadlec et al., 1995], in Czech Republic [Runkel et al.,

1995]. Also Russian firms has started to develop different diagnostics systems.

Perhaps the best know is the VDS produced by TURBOTEST for turbine diagnostics

[Turbotest, 1992], but Khurchatow institute has also installed an experimental system

for WWER type reactors in Kalinin NPP [Bulavin et al, 1992].

PDR This used to be the abbreviation for Paks Reactor Diagnostics measuring chains

when the first Unit was started in 1981. They contain amplifiers for noise

measurement using incore self powered neutron detectors, top-of-core thermocouples,

some special pressure fluctuation transducers and a specially designed set of

amplifiers for excore neutron detectors, which enabled us to attach noise system to

safety related channels and to make noise measurements on pulse mode signals. The

first solution has proven its ability, channels still work after 15 years. Their

modification were used in later systems. Today electronics allow to attach noise

system directly to plant amplifiers (see ZOMBI), but the solution for excore detectors

still unique for WWER reactors if one wishes to use the safety channels.

ARGUS is a vibration monitoring system using accelerometers to monitor vibration

behaviour of the components of the primary and secondary loops of WWER type

reactors. In its first version there were simple measuring channels and a CAMAC
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based system, later PC based sampling, data evaluating and processing system was

also included which contained also a really expert shell based expert system for

turbine diagnostics.

ALMOS is an Acoustic Leakage MOnitoring System, based on high frequency

acoustic transducers. Its data evaluation system based primary on rms level [Peter et

al., 1995]. Later analysis package was included to the system relying on rise time and

frequency content and arrival time of the signals.

PIS (Diagnostical Information System) can be broadly defined as an interactive

computer-based information system, which is used to facilitate the implementation of

a plant-wide failure monitoring and diagnostical system in large-scale systems [Kiss et

al., 1995]. It was born to apply more and more sophisticated mathematics in reactor

noise analysis and interpretation. DIS includes BDIR94 data acquisition system as

well as RTiME NEtData, which is a diagnostical resource owning with full variety of

contemporary tools for diagnostics. One of the most important feature of RTiME is

the non-parametric modelling of the measured signals using Autoregression, Moving

Average and other more sophisticated models with built in probability analysis. It can

automatically discard the unreliably measurement giving the chance to the user to deal

only with reliable measurements. It works as a supervisor system for reactor noise and

vibration measurement at Unit 1 and 2 at Paks NPP.

CARD is a Computer Aided Reactor Diagnostics system, which is capable to collect,

to process fluctuating parts of signals from the reactor [Por et al., 1995]. Its inputs

accept signals from in-core self powered neutron detectors, excore ionisation

chambers, thermocouples, pressure fluctuation transducers and some of the

accelerometers mounted on reactor vessel and in primary loops. System automatically

estimates FFT spectra and MAR models, trends of parameters. All those are compared

with previous values. A physical model based expert part helps to user to find

occurrences like: core barrel motion, incore vibration, stability of the feedback system,

hot spots in the reactor. Signal validation and parameter estimation (for example
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reactivity coefficient estimation, thermocouple time constant estimation) complete the

system.

HELPS is a Hungarian Expert Loose Part System [Szappanos et al., 1996]. It is

completely model based. Firsts a non-parametric modelling (using a combination of

autoregressive modelling with sequential probability ratio test) helps to find if there is

any abnormal occurrences in the system (in primary loops of NPP). All deviation from

normal statistical behaviour can be found even in that case when rms value does not

changes at all. Then the found occurrences are analysed using adaptive learning

algorithm, which uses part rms, and also an expert shall comparison of all moments

and signatures from the operator room. Finally this kind of analysis lead to more

reliable loose part detection with less false alarm rate.

ZOMBI is a system under installation which enables the CARD system to reach all in-

vessel signals in WWER reactor [Racz et al., 1995]. There are many in-vessel signals:

216 thermocouples and 288to336 incore neutron signals in WWER type of reactors.

The whole core diagnostics can be solved monitoring periodically those using the

advanced diagnostics methods.

JEDI is a system under development, which partly based on CARD system. It also

includes new methods (like Kalman filtering techniques) and covers methodology for

leak detection and sensor validation as well [Racz et al., 1995]. It should be

recognised that with growing amount of information the man machine interface part

of such half automated diagnostics systems becomes very important.

In those systems which have actuators automatically driven by the system the

importance of the man machine interface maybe less important. None of the

diagnostics system has really actuators. Diagnostics it means to recognise the

malfunction, to give some information on that. It may give even hints, but usually

decisions taken by experts. Diagnosis it means always an early warning and early
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failure detection. The parameters of the given system are still within the allowed

limits (both from regulatory point of view and from physical point of view). If they are

out of range then the system must be halted. When we speak about diagnostics the

system is still running, but some tendencies in it are going into the direction which can

lead out from the allowed range. That also means there are still time to take decision,

there is no need to attach any automatic actuators to the system.

Diagnostic system are not safety systems but systems to improve reliability of NPP

hence they assist to the safety. They are information systems which are safety related.

How to arrange the information? How to present it? How to drive the attention to the

important occurrences? How to ensure that the important part would not be hidden by

numerous miscellaneous effects? This is very important for such system.

A good man-machine interface can help very much in that. This is the final goal of the

development of the system of JEDI.

Some important results achieved by those systems

We do not promise here to give an exhausting list of event of all occurrences detected

and analysed by those systems listed above. Partly because they have been published

earlier (see references). We cannot avoid to mention some of them to convince the

reader: these systems have passed the period of basic development, they became

commercial, they became regular systems, they are reliable, one can trust them. If they

show something there is something to be investigated and solved in the given Unit. If

they do not show any deviance, the Unit works in normal condition. But the most

valuable result from these system still serves for maintenance work. They reduces the

maintenance cost preparing the maintenance period.
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Core barrel motion is a real concern for WWER type pressurised water reactors. They

have four or six primary loops and their unbalance can be a cause for pendular

movement. But usually the size of such motion does not reaches dangerous value. The

failure of the core hold down springs can be a cause of a really dangerous pendular

motion of the core barrel having different constant of elasticity for different springs.

There are six such non-linear springs around the top of the core in the vessel. Very

well documented such dangerous core barrel motion has been reported from Nord

NPP [Liewers et al., 1988]. It is well know there was similar problem in Khmelnitsky

NPP and there are rumours from other Russian WWER having such problems.

Therefore we believe that having a core barrel motion monitoring program in our

CARD system it gives a very important tool for the operators. The proven sensitivity

of the method in the given realisation is 10 microns (or better). Until now the

maximum of the core barrel motion recorded in Paks NPP was 22 microns. It has been

proven in Kalinin NPP (WWER 1000) when a measurement was carried out in an

unbalanced situation that the automatic program really can find the unbalance [Por et

al., 1995]. Consequently in spite the fact that there was no dangerous core barrel

motion recorded during the total 13 reactor years by CARD systems, operators were

convinced that there was no such danger in given Units.

Leakage is another great concern of WWER reactors. They suffer in frequent

leakages. Such leakages were reported almost from each NPP having WWER.

Perhaps the most successful system to detect leaks in primary loops of WWER is the

ALMOS system. An advantage of that system is that it gives reliable result at the

upper block of reactor vessel, where control rod driving mechanism and top sealing of

the reactor vessel takes place where leakages are frequent. But it gave also good

results on horizontally placed steam generators even during installation of ALMOS at

Kalinin NPP in an automated mode. We could also notice the insufficient repair of

that leakage, though it was not very easy to convince the maintenance personal about

this fact [Peter A, 1992]. Leakages at Paks NPP were found: at the valve of volume

compensator (pressuriser) in 1991, and a 0.2 kg/h leak was monitored during the

whole fuel campaign in 1993.
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Perhaps the incore vibrations is the third most frequent malfunction in WWER

reactors, which is detectable by reactor noise diagnostics. Such vibration has been

observed especially in WWER-440 type which have seven control assemblies

consisting of a fuel assembly and a follower on the top of each. The smallest vibration

of the follower which is always inserted into the core to certain level will results in

detectable peaks in the spectra of nearby incore neutron detectors. In the case of an

excessively vibrating controller [Glockler et. al., 1988] even far field neutron

detectors can see such vibration, and this can be used for incore vibration monitoring

[cf. Trenty, 1995].

Vibration diagnostics of the main component of primary and secondary loops became

today well standardised field of noise diagnostics. One can find in international

standards (ISO) limits for malfunction of rotationally machinery or other type of

equipment. The knowledge based diagnostics for turbine of ARGUS system opens the

possibility not only detecting excess vibration but also it giving hints, what is the

cause of the vibration.

Another group of the occurrences in which monitoring of fluctuation can help is the

malfunction of the sensors or simple the sensor degradation. This is also a very

important field of noise diagnostics since it can predict the malfunction of the sensors

and in this way it can help tremendously to maintenance work. Especially valuable are

the results of such system when preparing the maintenance during the refuelling

period. There are more then 500 in-vessel thermocouples and neutron detectors in

WWER reactors, which can be exchange only during refuelling period. In the same

time regulation does not allow to work with the Unit if more then 10% of those

sensors has a failure. CARD, ZOMBI, JEDI, ALMOS, ARGUS all use algorithm to

find defective sensors or measuring channels. Since CARD and JEDI works with

standard instrumentation of NPP they are extremely useful for maintenance work.

Finally, parameter estimation is a developing field of noise measurements. A good

example for that is the estimation of reactivity coefficient which is one of the most
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important safety parameters of all reactors. Noise measurements enable to follow the

changes of this parameter without interfering to normal work of NPP and on-line [Por,

Jozsa, 1995]. Incore coolant velocities and hot spot can be estimated using transport

effects measured by CARD as well. Another example for parameter estimation is the

decay constant estimation which characterises the feedback loops in the given system,

thus it gives hints on stability of the system. In fact this has more practical importance

for boiling water reactors and a special stability measuring devices has been

developed by Swedish researchers [Anegawa, 1995]. A good example was reported

from Germany how to use this methodology in PWR reactors [Por, Runkel, 1995].

CARD system has also decay ratio monitoring capability and it has proved its ability

to notice abnormal behaviour due to closed main valves, which are characterising

again only in WWER reactors [Por, Kantor, Sokolov,1995].

Experiences with a Reactor Noise Diagnostics System for WWER-1000 Type
Russian Reactors

CARD is an automated noise diagnostic system based on fluctuating part of signals

originated mainly from the reactor and partly from primary loops of a pressurised

water reactor [1]. It can automatically sample, pre-process (FFT, MAR) and analyse

the measured noise signals. There is a built in expert system for monitoring of the core

barrel motion, for detection of in-core vibrations, for estimation of incore velocity

and for detection of incore boiling. It has a manual part to assist the user analysing the

results. Recently one KARD system has been installed at a WWER-1000 type reactor

(Kalinin Nuclear Power Station, Udomlya, Russia) and two CARD systems have been

installed at WWER-440 type reactors (Paks Nuclear Power Station, Paks, Hungary).

System designed for power plant personal. Here we report on the main characteristics

of measured noise spectra in a WWER-1000 type reactor and on some investigations

with neutron noise made with that system.

System installed
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The complex noise diagnostic system KAZMER was installed at Kalinin Nuclear

Power Plant (Russia) at Unit 1 in 1992 by Hungarian firms: CRIP and (H)EPRI [2].

This system consists of a reactor noise diagnostics subsystem under nickname KARD,

a vibration monitoring subsystem for primary and secondary loops under nickname

ARGUS and a leakage monitoring subsystem named ALMOS.

The given realisation of the KARD system uses fluctuating part of signals from:

- six ex-core ionisation chambers of the reactor safety system

- six of in-core measuring strings containing

seven self powered neutron detectors with Rh emitter above each others

one thermocouple at the top of the core

- eight pressure transducers positioned at different places of the primary loops

- fourteen accelerometers that can be selected from the total 32 accelerometers

positioned on main components of primary loops of WWER-1000. Selected

signals are typically: from Main Coolant Pumps (MCP), from Main Closing

Valves (MCV) which serves to disconnect the given loop from the reactor, from

Steam Generators(SG), from accelerometers positioned on the top of the reactor

vessel and on the driving mechanism of the control rods.

In total 62 fluctuating signals are recorded simultaneously, while one extra channel is

used to register the signal level of the total main signal for later normalisation of the

spectra and the last channel is reserved for services (to check the validity of the

sampling procedure)

Typical noise spectra of WWER-1000 reactors

Ex-core neutron detectors
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The solution to attach the noise measuring system to the safety channels has been

widely criticised. The disadvantage of this solution becomes obvious when one learns

that the neutron measuring lines of the safety channels are equipped with low pass

filters at about 4-6 Hz in their preamplifiers, which converts the analog signal to

pulses. This PCM signal can be safely transmitted to large distances. It is obvious that

dynamics of PCM is rather limited. Nevertheless this solution is capable to register

low frequency fluctuations (we show later power oscillation and core barrel motion

registered by such measuring lines) and in the same time it can be used to validate the

safety channels and for early detection of malfunction of those important channels.
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Fig. 2.1. Typical auto power spectral densities Fig.2.2. with the trend of the core barrel

measured by ex-core neutron detector of peak (1.3-4.7Hz) during the a

safety channel installation period

In Fig. 2.1. autospectra measured by this method can be seen. Notice the low

frequency peaks. The second peak between 1.3 and 4.7 Hz is gradually separating

during the 90 day installation period. Fig.2.2. shows the trend of that peak, which later

was shown to be a core barrel motion.
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Fig. 2.3. Autospectra coherence and phase between A7 in-core neutron and Q2 inlet

pressure fluctuation

In-core neutron detectors

The spectrum of in-core detectors (Fig 2.3) is much richer. It contains two peaks at

16.6 and 33 Hz from the harmonics of MCP. It has a component at 25 Hz which has

not been fmally identified, it is though that it is connected to network frequency and to

rotation of the feedwater pumps.

The peak at 9 Hz is connected to pressure oscillation in spite the fact that there is not a

very clear 9 Hz peak in pressure spectra, but the coherence and phase pictures tell us

clearly the origin of that peak (see Fig. 2.3. Autospectra coherence and phase between

A7 in-core neutron detector and Q2 inlet pressure fluctuation)

The low frequency part of the spectra of signals from in-core detectors contains a peak

related to pressure oscillation in the pressuriser, but mainly occupied with the well

known transport effects. That makes easy to use the axially placed SPNDs for coolant

velocity estimation and boiling detection by the expert part of the automated

evaluation system. A typical phase picture is shown on Fig. 2.4.
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Fig. 2.4. Typical Autospectra, Phase and Coherence between axially placed in-core

neutron detectors

One can see on Fig. 2.4. the typical thermohydraulic frequency range where the phase

linearly depends on frequency. This part is used for velocity estimation. There is a

peak at about 8.6 Hz due to standing pressure waves in primary loops and at 16.6 Hz

due to MCP rotational frequency.

Pressure fluctuations

Special pressure fluctuation transducers were attached to the noise measuring system

to monitor the pressure fluctuations at the reactor inlet and outlet, at the pressurizer

and in each primary loops. The most prominent peaks in the autospectrum of the inlet

pressure fluctuation are marked on Fig. 2.5., on the autospectrum of Q2 signal. One

can see peaks coming from standing waves in pressuriser and in primary loop and also

those narrow band peaks of the rotational frequency of MCP and its higher harmonics.
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Thermocouples and their spectra

Standard thermocouples of WWER-1000 type reactors are absolutely unsuited for

noise measurements, since they are thick and positioned in the area, where the mixture

of the outlet water occurs. Therefore additional thermocouples were attached like

instrumented fuel assemblies to those assemblies, where the in-core neutron strings

attached to our noise system are positioned. The expert system is able to monitor the

time constant of the thermocouples, which can be used for malfunction prediction.

The reactivity coefficient estimation works better with these special thermocouples.

Coherence is much higher and consequently the reliability of those estimates

improves.

On vibration spectra

On Fig. 2.6. we present a vibration spectrum measured by an accelerometer mounted

tangencially on the MCP. Characteristic peaks are marked. The two main peaks are

related to the rotational frequency of 16.6 Hz and to its first harmonics at 33.3 Hz.

These peaks appear in most of the spectra. The change of the spectra has been used to

detect the unbalance of the MCP. When the bearings had some problems then the half
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of the rotational frequency, and its harmonics could be registered. There was a

resonance frequency at 12.5 Hz which was explained by the vibration of the MCP

itself due to unbalanced forces. Bearing was replaced immediately. These analysis

claims further investigations.
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Fig. 2.7. Vibration spectrum measured on the same MCP with bearing problem

Some occurrences investigated by KARD system

Core barrel motion registered by ex-core detectors
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Since preamplifiers of the ex-core neutron measuring chains have a low pass filter at

about 4 Hz, spectra measured by these chains cannot contain much information above

that limit (see Fig. 2.8) But besides the main low frequency around 1 Hz, there is

another peak and frequency range which can be related to the core barrel motion (see

on Fig. 2. where the trend of that peak which was growing. Fig. 8. proves that this

peak can be related to pendular core barrel motion). It is well known that core barrel

motions are very frequent in WWER 1000 reactors. This motion became later more

intensive. Such periods was notices at the end of 1992 at full power operation, which

lead us to provide special measurements with three loops in operation. Unbalance of

forces brought the core into pendular motions, which was registered by noise

diagnostics system.
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Fig. 2.8. Phases and Coherences between ex-core detectors show pendular motion in

frequency range from 2 to 6 Hz (sometimes in a wider range)

Investigations on power oscillation (rms) of the low frequency content of signals from

ex-core neutron detectors due to shut down one of the MCP

A power oscillation was noticed in Unit 2 at Kalinin NPP in August 1993, when one

of four MCP was shut down and the nominal power had been reduced to 60%.
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Fig.2.9. Oscillation registered by N21 and N14 ionisation chambers in Unit 2. MCP of

loop N2 was not working while MCV was open (time signals)

The power oscillation reached 3% of its nominal level which exceeds the maximum

allowed power level. In-core vibration can also cause such power oscillation, but to

check that one has to open the reactor vessel since the given Unit was not equipped

with in-core noise measuring system. Since KARD system has free inputs it was

decided to make records on tape at Unit 2 from ex-core neutron detector signals and

process them at KARD system of Unit 1. Fig. 2.9. shows time signals recorded in the

Unit 2 when power oscillation occurred. It is noticeable that rather large quasi-

periodic oscillation was registered with period near to 2 sec especially with ionisation

chamber N21 which was the nearest to the loop N2 with shut down MCP. Oscillation

reduced when the given loop was disconnected from the reactor vessel closing MCV

of the cold leg (see Fig. 2.10.). Table 1 shows the measured rms values.

HAQ

-HfiG
1. DO s ec Tim>'.2O.5sBt

Fig. 2.10. Oscillation was reduced when the MCV was closed (loop N2 disconnected)

Table 1. RMS measured by ionisation chambers at different conditions

No of detector MCV open MCV closed MCV reopened

7 - 1.57E-3 ' 3.87E-3

14 3.55E-3 1.85E-2
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21 4.97E-3 1.77E-3 5.15E-3

Notice detector 21 is the nearest to loop N2

Based on these measurements, a conclusion was drawn on thermohydraulic character

of the noise source. But since the given Unit was not equipped with in-core noise

measuring probes the assumption about the temperature oscillation could not be

checked.

Recently a similar power oscillation was found in Gronde NPP (Germany). The

investigation on that case lead to introduce the modified decay ratio (mDR) for

pressurised water reactors[3]. This parameter estimation is also built in the KARD

system and was estimated for the above case (see Table 2.) One can conclude from

that table that mDR is an effective tool to register and follow the power oscillation in

PWRs.

Table 2. Modified Decay Ratio (mDR) estimation for the power oscillation

August 30, Sept. 4. 1993 Sept. 4. 1993 Sept. 4. 1993

1993

7

14

21

MCP shut

down

0.0226

0.0297

0.0488

MCV open MCV closed

0.0

0.0491

0.0004

0.0

MCV

reopened

0.0510

0.0833

Later similar situation was created at Unit 1 which is equipped with the KARD noise

measuring system, consequently it allows also to measure fluctuations of the signals

from in-core neutron detectors and thermocouples. MCP of loop N2 was closed and

rms values for frequency range of 0-1 Hz were estimated. Fig. 2.11. shows the

changes (rise) of rms for ex-core, in-core neutron detectors and in-core thermocouples

when MCP was shut down.
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Fig. 2.11. The layout of the core of Unit 1 with in-core neutron sensors B,D,F, top-of-

core thermocouples TA,TB,TC,TD,TF and ex-core neutron detectors I1,I2,I8,I9,IF,IG

all of them attached to KARD noise measuring system. Numbers near to detectors

shows the rise of rms (in range of 0-1 Hz) when MCP of loop N2 was shutdown in

comparison with normal operation

It was concluded that when a MCP is shut down intensive cooling occurs in the given

loop, which leads to temperature oscillation, which via temperature reactivity

coefficient can cause power oscillation. Closing the given loop such oscillation can be

reduced. It was also noticed that oscillation occurs only in the second half of the fuel

campaign when reactivity coefficient has bigger value.

Growing trend of spectra from in-core neutron detectors

Recently it was published (see [4]) that the low frequency part of the autopower

spectral density function growths with decreasing boron concentration and with burn

up. A similar behaviour was observed by us monitoring the trend of spectra measured

by in-core neutron detectors (see Fig. 2.12.)
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Fig.2.12. Growing trend of the low frequency part of the in-core neutron spectra. In

the right corner trend selected from 3D waterfall picture marked on frequency axis.

This growth of the in-core neutron spectra in low frequency range was also connected

to the rise of the temperature reactivity coefficient [4].

The relation of noise systems to regulations

In the previous section we listed some successful applications of noise diagnostics in

different NPPs. In spite the fact that there has been numerous successful detection by

those permanent system still nuclear power stations tend to neglect these results.

Here follows a story of an early case of a core barrel motion detected in Rheinsberg

NPP. During an international measurement exercise which was aimed to detect

reduced flow rate in an experimental fuel assembly, excore neutron detector signals

were also recorded. They were elaborated routinely with the standard methodology

which included also core barrel monitoring. A typical core barrel motion

characteristics was found and connected to the spectra of a main coolant pump as the

origin of the motion. It was published in an IAEA seminar [Izsak, 1982]. It is typical

that the power plant management was not happy at all with that situation. It turned out
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that German colleagues has noticed earlier that movement. They also made much

more recordings on pump vibration and the pump malfunction has been repaired even

earlier then the inadversively published paper of the author appeared. But they were

not allowed to publish these results [Liewers]. One could say this happened in former

GDR before the changes. But author has similar experience in more developed

countries and at home as well. The management of the NPP is never interested in

publication of such results. Even if they accept that the warning was coming from

noise diagnostics they consider that as their know how. It is even more typical that the

know how does not contains information on the fact that warning was coming from

noise diagnostics.

Typically noise diagnostics gives only hints that there are some malfunction in the

system and it is coming from some place. Using this hints it is advisable to go there

and to test the given equipment with standardised procedure. If it also shows

malfunction then according to regulation it has to be recorded. (If it does not then

typically the case is dropped, no records preserved). Regulation describes usually also

how to make records, what indications of the standardised procedure should be

recorded. Usually it does not contain that initiating information had been coming from

noise diagnostics. Typically, record contains an information that parameters

prescribed by standardised procedure has been measured at the given date and they

exceeded (or not) the allowable limits. Sometime even the management of the NPP

does not know that the indication was coming from noise diagnostics. Maintenance

people owning with standardised procedure are interested to hide the fact that hint was

coming from diagnostics. It might seem that they did not applied the standardised

procedure in due time that is their failure.

We wasted quite a space to demonstrate what was (is) happening in nuclear power

plant with information coming from diagnostics. This is typical everywhere. The only

way out of this situation could be if the nuclear regulations consider the diagnostics as

compulsory or at least strongly advisable. It could help a lot if such recommendation

would be elaborated and recommended by IAEA. It is an experience also that

recommendations of IAEA found their way to the national nuclear regulations.
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Happily in the past few tears an intensive growth on the number of standards can be

observed in this field and it was also announced that an European standard is under

development. At the end of the reference list we gave some of them.

To make a recommendation we need to collect those occurrences in nuclear power

plants which has been detected, localised and explained using noise diagnostics. We

have to show the reliability, usefulness and applicability of those methods. We have to

find the warning and alarm limits for such occurrences as: core barrel motion, incore

vibration, hot spot detection, etc. Finally a team should elaborate recommendation on

noise diagnostics fro different type of nuclear reactors.

Conclusions

Technical part of noise diagnostics can be regarded as well analysed, mathematically

solved. Many well organised noise measuring systems are working in different NPPs.

They usually have more or less expert parts as well. We presented some areas, which

have overwhelming importance for WWER diagnostics and which can be regarded as

well understood, and also which have proved that methods used in noise diagnostics

can contribute a lot to the safety of nuclear installation. We conclude, that most of the

technical part has been solved or is in progress. The human factor and the reporting on

the results of noise diagnostics is one of the most vulnerable part of this methodology

today. The most important task for plant management and also for diagnostics today is

to work out regulation, reporting system, limits and action plan for given plant which

is in accordance with quality assurance programme.

A full set of noise diagnostics system has been developed during the past 15 year for

WWER reactors. They have been proved their ability for early detection the

malfunction of the system, to give early warning of sensor degradation, to estimate
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some parameters which have importance fro safety of the reactor, without interfering

the work of the given Unit.

In the same time regulations neglect these results. Except of loose part monitoring,

which is strongly advised in US an in some European countries , application of noise

diagnostics is not mentioned in official regulation of NPPs. For WWER reactors there

exists a written directive (Ukazanie) from the general constructor since 1988 in which

he suggest to use the diagnostics in WWER rectors, but it has been frequenlty

disregarded by existing regulation of countries having such reactors.

We believe that results of noise diagnostics are convincing. Permanent system and

analysis of some cases has proved the power of such methodology. It is time to collect

all knowledge and to elaborate them concluding in suggestion for introducing noise

diagnostics in any new WWER type NPP.
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Hereby we introduce a loose part detection system which is
easy to attach to existing vibration measuring assemblies in
nuclear power plants. It is rather simply to reinstall the system
for another Unit of similar type. It excludes automatically non-
loose part effects like the motion of control rods. It also can
give hints on the size of the object. We are ready to make
measurements during the start of any Unit to detect if there
were any forgotten objects in the primary loops.
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The importance of loose part detection II
One of the major concerns in the operation of any pressurized water reactor is the
possible presence of loose parts. They can contact the walls causing mechanical and
material damages which is extremely dangerous for steam generators and for the fuel
pins. Loose parts drifted with the stream of water can be broken into small pieces
therefore they can also reach the reactor core and block the coolant channels. The latter
can lead to overheating of the fuel elements. The most common consequence of loose
pails is the ageing of the material. Steam generator tubes can also be broken or blocked.
It is well known that loose parts have been found and sometimes reported in many
nuclear power plants. Details are usually only partially published. Nevertheless one can
judge on the importance of loose part detection based on the French experience where
the saving achieved by using loose part detection systems was estimated as large as 30
million USD during the last 10 years.
In the United States application of loose part detection systems is compulsory during the
start up process as stated in U.S. NRC Regulatory' Guide 1.133. In Europe the
requirements of loose part testing are collected in the IEC-988 standard. Our system
complies with those requirements.

JTask of loose part systems and their drawbacks

Recently installed loose part monitonng systems are similar in design (since the most
important design criteria are fixed in IEC-988). The inspected signals (typically 4-6
sensors per loop) arrive to a central data acquisition unit and are processed by an
electronic logical unit to select suspicious signals. This selection can use a simple
windowing method in the simple systems or a short-time RMS or floating RMS method
in the more sophisticated systems. The suspicious signals are first archived using an
analog transient recorder then the sampled signal may be processed by an expert system.
The task of such an expert system is to analyze the selected event in details. The aim of
the analysis is to receive answers to the following questions:

• Was the alarm caused by a loose part?
- If not, what was the possible cause? Is it similar to previously

experienced events?
- If it is a loose part:

- what is the location (where should the primary loop be opened)?
- is it dangerous (is it necessary to stop the block immediately)?

As far as deciding whether the alarm was raised by a loose part or not the current system
should give a relatively reliable answer using classification algorithms based on the
statistical properties of the stored reference signals. The impact location and the
estimation of danger level is not that simple at all but in general it can be stated that if
the loose part detection system has been trained carefully during the installation period
then these questions can be reliably answered.
One of the problems of the contemporary loose part detection systems is they require a
relatively long teaching period after which they can only work reliably in the given
configuration (meaning detector arrays, amplifications....) that were originally installed.
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New methods to improve the sensitivity and to eliminate false alarms I
Our system improves the signal to noise ratio by using a built-in pre-whitening method.
It is based on univariate autoregressive modeling of the system and is capable not only
to decrease the unwanted background noise level but also to eliminate (quasi )periodical
noise components which are always present at nuclear power plant environments and
disturb to set a low alarm level for loose parts. As a second step in improving the
performance in order to establish a lowr missed alarm rate we use the sequential
probability ratio testing method real time synchronized with the sampling. This allowed
us to reduce the missed alarm rate below 1%. On the other hand it is also very disturbing
to have false alarms in a nuclear power plant, which use to be a common problem of
earlier systems. The applied software allows to reduce the false alarm rate below I % in
the detection process. This very low false alarm rate can be further decreased using the
classification software tool. After a proper installation this classification module can
distinguish between the most frequent events in the primary loop that generate acoustic
effects (e.g. motion of control elements, starting up the feedwater pumps). After learning
these effects our system can separate them from real loose pail incidents using their
different statistical properties. This way the number of the false alarms can be reduced
even further.

Advantages of a portable system

Experiences in nuclear power station show that existing loose part monitoring systems
give false alarm very frequently. In the same time they provide with valuable
information mainly during the startup period (and in the following I-2 months). After
that period the possible loose pails (forgotten objects) either have drifted to some traps
where they rest or get stuck in structural elements, or they break into small pieces. Either
way there is no much loose part activity after a couple of months of operation. For this
reason in most of the power plants the loose part monitoring systems are switched off
during normal operation.
One of the economical benefit to have a portable system is that it could serve more than
for one Unit at the same nuclear power plant, moving it from one to another for the next
startup.
During normal monitoring the main issue is to cover the entire primary loop in order to
find loose part in any possible loops and locations. When a loose part is found in one
loop, it is more desirable to connect the sensors of the same loop where the event was
found - this can give an optimal performance both for source location and loose part
mass estimation. Our portable system (in contrast with the traditional systems) can
provide both configurations with very quick switching time between them.

Our svstem I
The loose part monitoring system provided by us has all the advantages listed in the
previous section and it can operate with multiple detector configurations. It is rather
easy to change between these configurations. Moreover, it is also rather easy to move
the system to another Unit and to teach it to a new configuration.
The best proof for these statements comes from the experiences with the HELPS system
which is the predecessor of our loose part monitoring system: that system was originally
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designed for and installed on the Unit 3 of Paks NPP and on request of the power station
we could remove and reinstall it to Unit 2 within a couple of hours including the impact
measurements aimed to collect unit-specific reference data. During the impact
measurements a couple of minutes were enough to completely change the detector
configuration.
Since the hardware of our new system consists of only a notebook PC, a PCMCIA
sampling card and an external signal connecting unit, its even more portable than any
other system before.
The novelty of our system lies not only in its portability and flexibility but also in the
very sophisticated mathematical methods applied in it. The experience we gained during
the years of developing similar systems made it possible to integrate procedures that not
only increased the sensitivity of the system but also filtered out false alarms much more
reliably than any other similar product.
Our system conforms to all requirements of the quality assurance (ISO-9001) and also it
is in agreement with the international standards (IEC-988, NUREG 1.133, ISO 7626-5,
DIN 25475). We can issue a quality assured certificate on the presence of loose parts
during the startup of a PWR Unit.
Great advantage of our system is that it does not necessarily require the installation of
new sensors because (as it was demonstrated with HELPS) it can use the
vibrodiagnostic sensors already existing on the primary loops.
This portable system can be used in several different ways. It can serve as a quality
assured monitoring system supervising the startups of a Unit and the next 1-2 months
then it can be moved to the monitor the startup of next Unit. In the case if the nuclear
power plant has an already installed loose part monitoring systems it can serve as an
additional tool providing more flexibility in the detailed analysis of the primary loop. It
was also shown that the given portable system can. be used to monitor other impacts
having acoustic noises for example in feedwater systems as well.
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