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ABSTRACT

The core of a PWR - including fue.l elements,
internal structure, control rods and core sup-
port structure inside the pressure vessel - is
subjected to forces which can cause vibrations.
One sensitive means to detect and analyse such
vibrations is by means of the noise from incore
and excore neutron detector signals. In this
project noise recordings have been made on two
occasions in the Ringhals 2 plant and the
obtained data been analysed using the Studsvik
Noise Analysis Program System (SNAPS). The
results have been interpreted and a detailed
description of the vibrational status of the
core and pressure vessel internals has been
produced.

On the basis of the obtained results it is pro-
posed that neutron signal noise analysis should
be performed at each PWR plant in the beginning,
middle and end of each fuel cycle and an analysis
be made using the methods developed in the
project. This would give a complement to the
monitoring by the equipment now available at the
Ringhals plant and facilitate a more sensitive
and detailed vibrational status check at regular
intervals. It would also provide a contribution
to a higher degree of prepareaness for diag-
nostic tasks in case of unexpected and abnormal
events. Experience of the significance of such
diagnostic work using noise analysis methods was
gained during the TMI-i events.

Approv
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1. INTRODUCTION

The project aiming at development and testing of

methods for surveillance of vibrations in PWR

cores was started in 1978 and has been carried

on in three successive parts. The results

obtained ±n the two first parts have been re-

ported in (1, 2). The third and final part of

the project (SKI B44/79. Övervakning av vibra-

tioner i PWR. Etapp 3) has now been completed

and is reported below.

The work has followed the defined project plan

and been directed toward the objective of deve-

loping and testing methods for vibration surveil-

lance based on noise analysis. The methods

should be applicable in a practical case to

detect changes in the vibrational state of a PWR

core including core barrel and other mechanic-tl

structures inside the pressure vessel.

In the following an overview of the objectives

and achieved results is given in chapter 2. A

brief review of some recent international reports

on the subject of PWR core motion monitoring is

also included. Chapter 3 comprises a detailed

analysis and interpretation of results from

measurements in Ringhals 2 and in chapters 4 and

5 a suggested routine surveillance program is

described and the conclusions from the project

work are drawn.

2. PROJECT OVERVIEW

2.1 Background

The core of a PWR - including fuel elements,

in-core structure, control rods and core support

structure within the pressure vessel - is sub-

jected to forces which can cause vibrations.
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The main acting force is due to the coolant flow

through the core. The vibrations can cause

fatigue of the involved mechanical parts and in

extreme cases when direct contact between moving

parts occurs damage is caused by wearing. Detec-

tion of exessive vibration in the core and moni-

toring the vibrational state for changes before

damage occurs is therefore important, both from

safety and availability point of view.

Observation of vibrations can be achieved by

applying motion sensors - accelerometers or

displacement gauges - directly on the moving

part. In the reactor core this is in general not

feasible except during non-nuclear commissioning

operation. The determination of core vibrations

by analysis of neutron detector noise is there-

fore an attractive technique, in which develop-

ment has done in several countries during the

last decade. By this technique information about

the amplitudes, frequencies and vibrational

modes can be extracted with high sensitivity as

shown in chapter 3.

The area of core motion monitoring for light

water reactors has recently been treated in a

review paper by J.A. Thie (3). The subject

includes motion by both solid and fluid compo-

nents in the cores of both PWR and BWR. It is

shown in this paper that significant results

have been achieved in the international develop-

ment and that several usable techniques have

been applied, most of them based on noise analy-

sis. In several cases abnormalities have been

detected, for PWRs e.g. the following:
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Table 1

Reactor Component Description and Diagnosis
Method

Obrigheim Thermal shield

Palisades Core barrel

Stade

Trino

Core support

Thermal shield,
core barrel

During preoperational testing,
bolt fatigue failures occurred
and special in-vessel vibration
instruments indicated this
problem

Lack of proper barrel clamping
at the vessel flange led to
excessive motion detectable by
neutron noise and by accelero-
meters

Loose bolts in the attachment
of a support structure below
the core barrel shifted a
resonant frequency in both
coolant pressure and vessel
vibration sensors

Failures of fasteners caused by
looseness and additional barrel
motion detected by neutron
noise

In addition to the ones mentioned above several

other reactors have had similar problems as

those described in the table, which might have

been detected by proper monitoring, e.g. by

noisa analysis, if applied. In many cases the

outage times for repair was in excess of one

year (3).

Several examples have been given in (4) where

noise technique has been successfully used to

detect and diagnose incipient failure. The

technique has also been used for surveillance of

components that are not regarded as fully reliable.
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2 .2 Summary of project work

The overall objective of the project has been to

develop and test methods for detection of core

motion and vibration which can serve as a pract-

ical means for surveillance of Swedish PWRs on a

routine basis. In accordance with this general

aim the work has been carried out with the

following main points:

Establishing the noise analysis equip-
ment and computer programs required.
This could be accomplished by a rela-
tively minor expansion of the Studsvik
Noise Analysis Program System (SNAPS)
which was developed in the previous
development project on BWR system
surveillance, reported in (5).

Development of vibration models for the
interpretation of analysis results. Two
such models were developed - VIBREAL
and SPEC-4R - which complement each
other and by which information regarding
the various vibrational modes can be
extracted. This information includes:

Magnitude of global reac-
tivity oscillations

Beam mode or shell mode vibra-
tion

Preferred direction of motion

Ratio of unidirectional to
multidirectional vibration

Amplitude and freiuency of
beam mode vibratic i

A detailed description of the
developed models is given in
(2)

Performing noise measurements in the
Ringhals 2 nuclear plant. Two series of
measurements have been carried through
and carefully analysed using the devel-
oped models. The results have yielded a
detailed picture of the vibrational
state of Ringhals 2 which can be used
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as a reference pattern in future. The
measured vibration amplitudes are small
and no excessive vibration has been
detected. As a conclusion the sensi-
tivity of the developed methods to
detect changes in the vibrational state
is found to be sufficiently high to
permit a detailed characterization and
their potential for use as a means for
routine surveillance has been confirmed.

Finally the general conclusions from
the work have been drawn and a suggested
method and scheme for routine surveil-
lance have been worked out (cf chapter
4 below).

The reports issued in the course of work are:

ESPEFÄLT, R, LORENZEN, J and ÅKERHIELM, F
Vibrationsövervakaing i PWR. Lägesrapport
1978-12-15, tillika slutrapport etapp 1.
Studsvik Technical Report K5-78/15.

ESPEFÄLT, R, LORENZEN, J and ÄKERHIELM, F
Surveillance of Vibrations in PWR.
Final Report Part 2.
Studsvik Report STUDSVIK/K5-79/34.

ESPEFÄLT, R, LORENZEN, J and ÅKERHIELM, F
Surveillance of Vibrations in PWR.
Final Report.
Studsvik Report STUDSVIK/K5-80/6.

In addition to the above reports oral presen-

tations of the project results have been given

at:

The 12th Informal Noise Meeting at
Studsvik
May 16 - 18, 1979.

and
The 13th Informal Noise Meeting at
Cadarache, France
May 7 - 9 , 1900.

As a separate project (SKI B 7/79) a status

report on noise analysis applications in light

water reactors has been worked out (4). This

report covers several different practical appli-

cations both in BWR and PWR units.
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3. MEASUREMENTS IN RINGHALS 2

3.1 Measuring conditions and program

Two series of n^ise measurements have been

carried out in Ringhals 2, PWR 800 MW, within

the project. The first series was performed in

1978 and has been reported in detail in (2).

A planned measurement in Ringhals 3 had to be

cancelled due to the delayed start-up of that

plant.

The second measurement series was carried out on

November 15, 1979 and signals from excore and

incore neutron flux detectors were recorded.

Recording lengths were at least 30 minutes when

only excore detector signals were studied. To

limit incore detector exposure recording time

for these signals was restricted to 5 minutes.

The measurements were performed at normal, full

power operation and with a boron concentration

of 525 ppm.

During the measurement in 1978 the boron concen-

tration was 460 ppm. The coron concentration

change was only 8 % of the boron concentration

change during one fuel cycle (approx 800 ppm).

The differences found should therefore be attri-

buted mainly to one year difference in plant

age, including a reloading.

In Figure 1 a core map is shown. The four excore

detector positions N41 - N44 are given. In each

of these positions there are two detectors, one

outside the upper half of the core and one

outside the lower half. Measurements were per-
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formed on both these detectors and on the incore

detectors in positions BIO, F2, F9, G9 and M3.

Axial positions with small axial neutron flax

gradient were used for all detectors.

For the positions F9, G9 and M3 also axial

positions with large axial neutron flux gradient

were used. The axial positions referred to the

measured axial flux distribution are given in

Figure 2. In this Figure are also shown the

axial positions of the detectors G9 and M3 in

the 1978 measurements.

All measurements have been sampled with a fre-

quency of 100 Hz in blocks of 512 data. The 30

minutes recordings were sampled into 300 blocks

while the 5 minutes recordings only contained

approximately 50 blocks.

The data have been analyzed both in the time and

frequency domains. Time domain analysis gives

information on the stationarity of the signal

via the standard deviation and amplitude distri-

bution. All detector signals have a sufficiently

good stationarity and the deviation from normal

distribution is small. On the basis of frequency

domain analyses conclusions on the vibrational

modes and amplitudes are obtained as shown in the

following chapter.

3 .2 Analysis results and discussion

A typical normalized auto power spectral density

from an excore upper neutron flux detector (N43)

is shown in Figure 3 where also results from the

measurement 1978 are given. It contains several

resonances, some of which have changed character

between 1978 and 1979. In Figure 4 a spectrum
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from an incore neutron flux detector in position

G9 is shown. The two spectra in Figures 3 and 4

contain resonances which are caused by vibrations

of different characteristics.

An attempt to clarify the vibration sources and to

explain the results from tha Ringhals 2 measure-

ments is given below. The analysis and interpre-

tation of the results are made with respect to the

sources of vibration given in Table 2 and using

signal characteristics given in the same table.

Table 2

A. Global core vibration

caused by

A.I. Coolant flow impact on
core barrel

A.2 Coolant pump vibration
transferred to pressure
vessel via inlet nozzles

A.3 Coherent fuel rod vibra-
tion caused by core
barrel vibration via
lower cor:: plate

detected by

Beam mode excore detector
resonance*, wide resonance

Beam mode excore detector
resonance, narrow resonance

Beam mode excore detector
resonance, incore detector
resonance correlated with
excore detector resonances

Local fuel, control rod or detector vibration

caused by

B.I Core barrel vibration
via lower core plate

B.2 Coolant flow

detected by

Local incore detector
resonance correlated with
excore and other incore
detector signals

Local incore detector
resonance incorrelated with
excore and other incore
detector signals

C. Wall vibration of core barrel or thermal shield

detected by

Shell mode excore detector
resonance

The models for separation of beam mode and shell mode
resonances from global reactivity oscillations are
treated in detail in (2). A revised description of the
VIBREAL model is given in Appendix A.
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The separation of vibrati.i components is per-

formed with the computer program VIBREAL*. The

following vibration components are calculated

1.

2.

3.

beam mode, unidirectional component,
amplitude and angle

beam mode multidirectional component,
amplitude

shell mode, amplitude in excore detector
direction

The measurements on the Ringhals 2 reactor

performed in 1978 and 1979 have been analysed

with the VIBREAL program to facilitate the

identification of vibration type and amplitude

for different resonance frequencies. The vibra-

tion components obtained from the measurements

in 1978 and 1979 are summarized in Figures 5 and

6, respectively.

A.I Core vibration caused by coolant flow

impact on core barrel

In the 1979 measurement beam mode vibration

resonances are found at 7.9 Hz and 11.0 Hz. In

both resonances the unidirectional component

dominates over the multidirectional component.

The components for the upper and lower halves of

the core are given in Figure 7 and the direction

of the unidirectional component is given in

Figure e.

cf Appendix A.
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In Figures 9 and 10 the amplitude of the unidirec-

tional vibration amplitude and the vibration

angle are plotted as a function of frequency in

the 6 - 32 Hz region. The ugles at the vibration

resonances can be separated into two classes,

approx +40° and -45°. The first angle corresponds

to the angle of the inlet nozzle of recirculation

loop No 3. The second angle is the one in which

the pump vibrations at 24.8 Hz occur. A possible

explanation of resonances with respect to

vibration angles is the following. Resonances in

the +40° direction are caused mainly by core

barrel vibrations while the resonances in the

-45 direction are caused by pressure vessel

vibrations. The resonances at +40° direction are

larger in the lower part of the core than in the

upper part and this supports the assumption of

core barrel vibrations as the barrel is supported

from the upper part of the vessel. The reson-

ances at -45° direction are generally larger in

the upper part of the core. Calculations and

direct measurements of vessel vibrations will be

of value to test the hypothesis.

Unidirectional vibrations were smaller in the

1978 measurements than in the 1979 ones and the

angles in the 1978 measurements are therefore

scattered but show the same tendency as the 1979

angles. The vibration components obtained in the

1978 measurement are shown in Figure 11. The two

unidirectional resonances in the 1979 measure-

ments 7.9 Hz and 11.0 Hz (cf Figure 6) have

apparently replaced a multi-directional reson-

ance at 10.4 Hz and a unidirectional resonance

at 9.6 Hz in the 1979 measurement. The dominant,

change in this frequency range from the 1978

measurement to the 1979 measurement is evidently
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a shift of a resonance from 10.4 Hz and mainly

multidirectional character to 7.9 Hz and mainly

unidirectional character. There is also an indi-

cation of a shift of a unidirectional beam mode

resonance from 9.6 Hz to 11.0 Hz.

In summary, the characteristic change from 1978

to 1979 is that the resonance frequency has

decreased and the vibrations have got a more

dominating direction. This change is attributed

to a change in mechanical properties of the

pressure vessel and internals which change the

resonance frequencies of the system and make

certain directions of vibration more likely than

before.

A.2 Core vibration caused by coolant pump

vibrations transferred to pressure

vessel via core bottom plate

In the 1979 measurement a sharp unidirectional

beam mode component is found at 24.6 Hz as shown

in Figure 6 corresponding to a pump revolution

speed of 1 476 rpm, i.e. the speed of reactor

coolant pumps. The vxbration angle is -42 . In

the 1978 measurement the resonance was not so

pronounced and had a frequency of 24.2 Hz. The

change in resonance frequency is not significant.

The vibration angle was -43° being the same at

both measurements. An increase of a factor 4 in

power (which means a factor 2 in amplitude) has

been found from 1978 to 1979.
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A.3 Coherent fuel rod vibrations caused by

core barrel vibration via lower core

plate

The large peak at 3.5 Hz in the 1979 measurement

is a beam mode vibration dominated by a multi-

directional component as seen from Figure 7. For

this resonance the multidirectional component is

dominating over the unidirectional one and the

amplitude is larger in the upper part of the

core than in the lower part. This is in contrast

to the resonances found at 7.9 and 11 Hz. The

3.5 Hz resonance is also found in spectra from 3

incore detector positions in small axial flux

gradients, Figure 12.

The real part of the normalized cross power

density between signals from two central incore

detectors and between signals from a central

incore detector and an external detector are

shown in Figures 13 and 14, respectively. These

spectra show that the signals from two central

incore detectors and one excore detector are

coherent and indicates that the signal from

excore detectors is due to fuel rod movements

within the core. The amplitude of these movements

varies within the core with the mechanical

properties of the fuel. The fuel movement can

thus be regarded as a combination of local fuel

rod movements in or out of phase with a global

core movement. Figures 10 and 11 show also that

the fuel movement at 8 Hz is much smaller than

at 3.5 Hz. The resonance in the power spectrum

for excore detectors at 3.5 Hz is thus to a

large extent due to fuel rod vibration excited

by core barrel vibrations via the lower core

plate. Significant fuel rod vibrations have not



STUDSVIK ENERGITEKNIK AB STUDSVIK/K5-80/6 13

1980-07-14

been found at higher frequencies. Beam mode

vibration resonances found in excore detector

signals at higher frequencies than 3.5 Hz are

likely to be dominated by global core movements

due to e.g. core barrel or pressure vessel

vibrations.

The changes in the 3.5 Hz resonance from 1978 to

1979 are not found significant indicating that

the general mechanical character of the fuel has

not changed substantially between the two measure-

ments .

B.I Local fuel, control rod or detector

vibration caused by core barrel vibra-

tion via lower core plate

A large resonance at 4.5 Hz is found only in the

signal from the incore detector in the G9 posi-

tion. Figure 4. In Figure 15 normalized auto

power spectra for G9 and M3 positions are shown

together with the real part of the normalized

cross power spectrum between them. In spite of

the fact that the 4.5 Hz resonance is found in

G9 but not in M3 the cross correlation shows

that they are coherent at that frequency. A

probable cause of this resonance is thus a

common source e.g. lower core plate vibration

that influences heavily the vibration of a

component at position G9. This component might

be a fuel rod or detector tube.

In Figure 16 is shown the spectrum from an

incore detector in the G9 position both in the

1979 and 1978 measurements and in positions with

large and small axial neutron flux gradients. In

the 1979 measurements the measurements have been
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repeated to test the reproducibility which is

found good. The measurements taken in a position

with small and large axial flux gradients show

that the 4.5 Hz resonance is large also with

small gradient and thus is due to a horizontal

vibration. The increase in resonance height

obtained in a position where the axial gradient

in large is probably caused by the fact that in

positions where the axial gradient i3 large also

the radial gradient is large.

The resonance at 4.5 Hz has evidently replaced

the one at 5.25 Hz in the 1978 measurement. In

addition to the decrease in resonance frequency,

the resonance amplitude has increased by a

factor of approximately 10.

B.2 Local fuel, control rod or detector

vibration caused by coolant flow

In Figure 17 is shown normalized power spectral

density from an incore detector in position M3

obtained both at the 1978 and 1979 measurement.

In both measurements the detector was positioned

in large and small axial flux gradient. The

large variations with a resonance at 6 Hz

obtained at a large axial flux gradient in 1978

was not reproducible in 1979. The reason may t»t

that the 1973 results were the only ones

obtained from a peripheral detector position

close to the lowrr core plate. This fact, in

addition to the fact that the resonance was not

correlated with the excore detectors, indicates

that the source is not due to lower core plate

vibration but e.g. to coolant flow turbulence

within the core.
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C. Core barrel wall vibration, shell mode

Shell mode resonances are in the 1979 measure-

ment found at 11.8, 18.9, 19.9 and 33.0 Hz as

can be seen from Figures 18 and 19. The shell

mode resonances are larger in the upper part of

the core than in the lower part which is reason-

able as the upper part is more close to the

impact of the coolant flow and more in center of

the core barrel.

The large beam mode component at 33 Hz compared

at that frequency to the shell mode component

indicates the presence of a higher order shell

mode component. The ratio of the resonance

frequencies 33.0 and 11.8 Hz is 2.80 which is in

agreement with what is expected for a circular

cylinder with open ends (6).

When seen from only four external detectors a

third order shell mode cannot be distinguished

from a second order shell mode plus a unidirec-

tional beam mode as shown, greatly exaggerated

in Figure 20.

A comparison between th« measurements 1978

(Figure 21) and 1979 (Figure 18) shows that the

resonance frequencies remained unchanged but

that the amplitudes have increased significantly.

4. PROPOSAL FOR ROUTINE SURVEILLANCE OF

VIBRATIONS IN PWR

4.1 Objectives

The main purpose of a vibration surveillance

system as proposed here is to detect at an early

stage of development vibrations that may be or
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become detrimental to the reactor pressure

vessel and internals. The word "system" is used

here in wide sense and not confined to an on-line

monitoring system. In addition to the detection

of vibrations it is also important that the

surveillance system provides means to investigate

the phenomenological background to the vibrations

i.e. to interpret the results obtained and

relate them to basic structure and dynamic

facts.

In a modern PWR plant a standardized vibration

monitoring system - or loose parts monitoring

system - is generally installed. This is the

case for Ringhals 3 and a similar system will

probably also be used for Ringhals 4. These

systems in general are capable of monitoring

noise auto-spectra from acceleration sensors and

a selected number of other instrument channels.

The characteristics of the systems installed m

Ringhals are given in chapter 4.2. These syrrt-m.

are capable of recording large changes of the

vibration pattern of the reactor pressure ves.;el

and detecting loose parts in the vessel and some

external parts of the primary system.

In order to detect and characterize incipient

vibrations of the core barrel and the internal

core structure the standard vibration monitoring

system needs to be supplemented along the lines

given in chapter 4.3 below. The proposal given

there is based on the experience obtained in the

work in this project and gives the details of

the supplementary tieasurements, such as type and

location of sensors to be used, analyses and

types of investigations to be made, limits of

accepted behaviour, recommendations of internal

between off-line measurements etc.
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4.2 Available sensors and equipment

A vibration and loose parts monitor (V&LPM) is

installed ii. the Ringhals 3 reactor which is

planned to be in operation in 1930. This unit

consists mainly of piezoelectric sensors, signal

processor units and a computer and provides

on-line measurements without interference to

normal plant operation. An automatic scanning

system selects the channels sequentially for

computing auto power spectra on the spectrum

analyzer. Tha output of the analyzer is compared

with spectra stored in the memory of the computer

and any significant deviation is flagged. This

deviation may be either in amplitude or character-

istic frequency of a mechanical resonance.

The sensors are located at five positions with

two sensors at e^ch position. These positions

are on instrumentation tubes below the reactor

vessel, on the reactor vessel lid and on each of

the three steam generators. Four external neutron

flux detectors can also be connected. An eight

channel tape recorder is started automatically

at alarm condition and selected signals are

recorded. These signals can then be analyzed on

a single channel spectral analyzer and the

spectra plotted on an x-y-recorder.

This system is expected to give alarm when

estimated limits for acceptable vibrations and

loose parts are exceeded and provide possibili-

ties to complete auto power spectra. It will

not, however, make it possible to separate

vibrations into different components via the

computxng of cross power spectra. Such separa-

tion is desirable from the point of view of
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achieving a reliable assessment of alert and

alarm levels for that particular reactor and to

follow the change with time of the vibration

pattern. The sensitivity is limited by uncorre-

lated noise, tfhich iray shadow the resonances.

Such uncorrelated noise can be filtered away in

an analysis using cross spectra.

4.3 Proposal for routine measurements and

analysis methods

The vibration and loose parts monitor system

discussed in the previous chapter will provide

an on-line surveillance, but its effective area

will mainly be the reactor pressure vessel and

the external systems. Its sensitivity will be

moderate since only auto spectra are analyzed

without suppressing non-correlated noise.

The method of vibration monitoring by means of

neutron detector noise investigated in this

project provides, on the other hand, means for

very sensitive vibration surveillance of reactor

internals. It seems logical that a combination

of the two methods should give the best result

in terms of complete vibration surveillance of

the essential parts of the plant.

It is therefore proposed that the on-line moni-

toring system is supplemented by off-line measure-

ment and analysis of the neutron detector noise

at regular intervals. As the phenomenon to be

detected are supposed to be rather slowly

developing it is considered sufficient to

measure at each reactor three times per fuel

cycle - beginning-, middle- and end-of-life. In

addition measurements should of course be per-

formed when indications of abnormal conditions

have been obtained by the on-line system or

otherwise.
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Each such measurement series should consist of

2 - 4 recordings of noise from 4 excore neutron

detectors, one or two TIP-detectors if possible

and the accelerometer signals if accessible. The

recorded data can be analyzed on-site if equipment

and software are available or if they can be

sent to Studsvik for analysis using magnetic

tape or floppy disc.

The recording equipment does not need to be very

sophisticated, as far as a routine check of the

vibration pattern is aimed at. In this case it

can for example consist of the existing instru-

mentation and the already available 8 channel

tape recorder for analog data.

If a more detailed investigation of small changes

of the vibration pattern is to be performed

elimination of the DC component is necessary

plus amplification of the AC signal and low-pass

filtering.

A noise recording for routine check as the above

could easily be performed in one day if detector

signals and recording equipment are readily

available. The subsequent analysis can be ex-

pected to take about three days.

5. CONCLUSION

The results achieved in this project show that

it is possible by means of analysis of neutron

detector noise to deduce detailed information

about vibration frequencies and modes of reactor

internals. From the recorded noise pattern

conclusions can also be drawn concerning the
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mechanisms of vibration generation and propa-

gation. The methods tried in this project have

proved to be very sensitive to changes in the

vibrational status of the reactor core and core

structure and can therefore be used to detect

incipient failure and abnormal behaviour.

By performing measurements and analysis with

regular intervals as proposed in the previous

chapter the vibrational status of the core can

be checked providing a complement to an eventual

on-line system based on auto spectra. Such a

scheme for regular checking of vibrational

status will contribute to the safety and avail-

ability of the plant - a contribution that can

be expected to become more and more significant

as experience is accumulated.

Another advantage gained by performing noise

monitoring and keeping up facilities and com-

petence for noise measurement and analysis

became evident in connection with the TM1-2

accident. In this plant an extensive noise

measurements system had been carried through

before the accident and equipment was available.

Within the days after the first event the noise

recording equipment and the specialists who were

acquainted with this equipment and had thorough

knowledge of plant systems contributed very

sigriificantly to the diagnostics of the plant

status, instrument channel intensity and plant

response to performed actions (7).



STUDSVIK ENERGITEKNIK AB STUDSVIK/K5-80/6 21

1980-07-14

REFERENCES

1. ESPEFÄLT, R, LORENZEN, J and ÄKERHIELM, F
Vibrationsövervakning i PWR. Lägesrapport
1978-12-15 och tillika Slutrapport
Etapp 1.
Studsvik Technical Report K5-78/15 (1978)
(In Swedish).

2. ESPEFÄLT, R LORENZEN, J and ÄKERHIELM, F
Surveillance of Vibrations in PWR.
Final Report Part 2.
STUDSVIK/K5-79/34 (1979).

3. THIE, J A
Core Motion Monitoring
Nucl Technology Vol 45 Mid-Aug 1979.

4. ESPEFÄLT, R and ÅKERHIELM, F
Status report on the application of
process noise technique in nuclear
power plants.
STUDSVIK/K5-79/43 (1979).

5. BLOMBERG, P E et al
Brusanalys för Systemövervakning.
Slutrapport.
STUDSVIK/RR-78/15 (1979). (In Swedish).

6. Handboken Bygg de! 1 B
kapitel 169 "Byggnadsdynamik".
AB Byggmästarens Förlag
Stockholm 1972 (In Swedish).

7. KRYTER, R C et al
TMI-2 On-site Monitoring and Diagnostic
Measurements Using Noise Analysis.
Summary Report Prepared for T H Pigford,
Member of the President's Commission
on the Accident at Three Mile Island.
August 1979.



STUDSVIK ENERGITEKNIK AB STUDSVIK/K5-80/6

1980-07-14

2 2

Coolant
outlet (.

\ ex = -7

Coolant

, = 37.5

M3

:t = ±90° N44

i)

.5°

/coolant
/outlet (1)

j oc = -67.5°

Figure 1Core ir\ap. Ringhals 2

Incore
neutron
detector

f'

G9 F9 ;

1

Coolant
inlet (2)

/ . = -82.5°

N4 3

BIO

N41

Coolant
\ inlet (1

\( = -22.i

Coolan
outlet

External
neutron
detector

, = 0°

o

ô
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VIBREAL MODEL

The noise signals form the excore neutron detec-

tors are assumed to originate from the following

independent sources

a) uncorrelated noise, N

b) reactivity noise, E

c) beam mode vibration, multidirectional,
C

d) beam mode vibration in direction a,
with component A in direction detector
1 ^ 2 and component B in direction
detector 4 ->• 3

e) shell mode vibration, first mode, with
component D in detector directions

With these assumptions the auto power spectral

density for signals from detectors 1 and 2 is

2 2 2 2 2
^ + E + A + C + D

2 + E 2 + A2 + C2 + D2

(eq la)

where the uncorrelated noise may be different in

the detector signals.

The auto power spectral density for signals from

detector 3 and 4 will be, correspondingly

2 2 2 2 2
3 + E + B* + C + D

2 2 2 2 2
|>4 = N^ + E + BZ + QT + DZ

(eq lb)

As the coupling between noise components is

neglected, except of course A and B where the

coherence is 1, the imaginary parts of the cross

power spectral densities between detector signals

are set to zero.
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The real parts of the cross power spectral

densities between signals form detector pairs

are, see Figure A.I

«|»13 = E
2 - AB - D2

2 2
<|>24 = E

Z - AB - D^

(eq 2)'

>23 = E
2 + AB - D2

»14 = E
2 + AB - D2

? 2 2 2
>12 = EZ - pr - or + BZ

o 2 2 7
= E 2 - EZ - CZ + D2

The angle a for the vibration direction is

obtained from

a = arctan -

From eq 2

(h + (to _ - ^ V ^ O ~ 0i>1 ~

2 ? (on 3)
l2 • <t>34

? ? 9 ? ?
= 2 E " A B + 2

Introducing

4s = <()1~ + 0o/i

- 4t =*._ + *

u = *12

v =

24 " ^23 " *14
(eq 4)
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we obtain

s = E 2 - D2 (eq 5)

t = AB (eq 6)

u = B2 - A2 (eq 7)

2 2 2 2 2
v = 2E - 2C + 2D - A - B (eq 8)

where s, t, u and . are linear combinations of

real parts of cross power spectral densities.

Eqs 6 and 7 give

B2 = | + | and

A2 = - ̂  + £ where k = 2 V ^

A is assumed to be positive and B is assumed to

be positive in the 1 -• 2 direction.

As finally the vibration angle, a, is assumed to

be constant, it can be obtained from

B J B 2
a = arctan -r - arctan V—*• = arctan

Eqs 5 and 8 give

2 2
n "™ 1? ^ n

V = 2E2 - 2C2 + 2D2 - k

t / \r .̂ it

[ T-TT / r- ]
|ti v K - u
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This system of 2 equations contains 3 unknowns

(E, C and D), and can only be solved if a value

is given to one of the unknowns. There are three

practical alternatives

a) No multidirectional beam mode vibra-
tions occur, i.e. C = 0:

2 2

s = E Z - DZ

v = 2E2 + 2D2 - k

E 2 = |(2s + v + k)

D2 = |(-2s + v + k)

b) No shell mode vibrations occur, i.e.

D = 0:
s =

v = 2E2 - 2C2 - k

E 2 = s

C2 = |(2s - v - k)

c) No reactivity variations occur, i.e.
E = 0:

= -D2

v = -2C2 2D2 - k

D2 == -8

C2 = - 8 -

Table A.I shows the contribution E, C and D

assuming C, D or E equal to zero.
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Table A.I

Vibration

E2

c2

D2

C = 0

sv
2

0

- i *

components

+ k
4

v + k
4

D

s

s

0

= 0

v + k
2

E =

-s

0

-s

0

v + k
2

In the analysis all alternatives are computed

and to determine which alternative is valid

there are two possibilities

a) Judgement from sign of coupling between
detectors

2 2 2
b) E , C and D are all positive quanti-

ties or zero. If any of the alterna-
tives gives negative values for these
quantities at the studied frequency,
this alternative must be excluded for
the frequency studied

The contribution to the auto power spectral
2

density from uncorrelated noise, N is obtained

from the difference between the measured auto

power spectral density and the sum of the above

mentioned components.

Eq 1 can now be used to find the contributions

to the auto spectral density for the excore

neutron detectors from reactivity, different

types of vibration and uncorrelated noise.

When contributions from different noise sources

are known the vibration power spectral densities

can be obtained by using an appropriate scale

factor between normalized detector current

signal and absolute displacement.
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As the vibration direction has been calculated

earlier, it is now possible to characterize the

vibrations with respect to type, direction and

magnitude as a function of frequency.
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Appendix A.7

Reactivity variations Shell mode vibrations

Beam mode vibrations
multidirectional
(two directions shown)

Beam mode vibrations
unidirectional

Figure A.I

Influence from different perturbation

iypes on ex-core neutron detectors.
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