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SUMMARY

Since the beginning of power reactor construction also the dynamic behaviour of the
relevant parts of the structure had been subject to thorough analysis in order to achieve the
necessary design requirements. At first the main interest was devoted towards the fuel rods,
later on special attention was paid also to the core internals, to the pipes, the heat exchangers
etc. The reason for the growth of importance of dynamic structure analysis was not only the
developing safety requirements (e.g. design of structure against earthquake or LOCA-con-
ditions), but also the consequence of experience gained from normal plant operation. It was
the unexpected behaviour of some reactor pressure vessel internals, which stimulated the
vibration measurement and analysis techniques, the vibration tests during the startup phase,
the trials for on-line surveillance, the deeper understanding of the hydrodynamic forces
inside the vessel.

It was the purpose of a study contract sponsored by the European Communities to bring
together the experience of this kind of vibration and noise analysis, as gained on several power
plants in the Community, whereby emphasis was laid upon on-load surveillance. The report
was prepared by experts of the following institutions:

— Electricité de France, France;

— Ente Nazionale per I’Energia Elettrica, Ttaly;

— Laboratoire Belge de 1'Industrie Electrique, Belgium;

— Joint Research Center, European Communities Ispra, Italy;

— Allianz-Zentrum fiir Technik GmbH, Germany;

— Institut f. Reaktordynamik u. Reaktorsicherheit, T.U. Miinchen, Germany.

It was divided into two main parts, reactor components and turbines, with an Annex
dealing with incipient failure detection by stress wave emission techniques.

This paper is concentrating on reactor components vibration measurement and analysis.
Though the starting point of the investigation is the on-load surveillance, it is shown, that the
interpretation of the on-line signals makes necessary a well planned startup measurement
program. This again leads to a deeper understanding of the dynamic phenomena inside the
vessel, which is important for the design and the inspection procedure as well.

A short survey shows how the vibration is appearing in the various signals, by which tech-
niques it can be measured and analysed.

The power spectra and cross power spectra of the neutron signal and, partly of the pres-
sure signa] are discussed with respect to results gained at the reactors Trino, Sena and
Obrigheim. Typical for these measurements is the well-expressed pendular behaviour of the
reactor vessel/core barrel-structure as to be seen from the analysis of the neutron flux signal.
Special experiments performed at the ECO-reactor show the influence of fuel rod oscillations
on the neutron flux.

Finally some recent results obtained by specific analysis of pressure and displacement
signals at the Technische Universitit Miinchen are discussed, which are indicating the sour-
ces of hydrodynamic forces and their action on the structure.
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1. Introduction

With the growing importance of commercial nuclear energy production it became
a necessity to pay more and more attention to the long term behaviour of the
nuclear power plants. In this context the fatigquestrength of mechanical parts is
of great interest. The demonstration of normal vibration of the various parts
affected by dynamic stresses was problematic especlally for those cases, where
inspection and/or on-line monitoring raised difficulties. In this light the
thorough analysis of fuel rods are to be seen, which have been performed from
the very beginning of power reactor construction. Further broadening and re-
finement of dynamic structure analysis was stimulated not only by the develop-
ing safety requirements (e.g. design agalnst earthquake or loss of coolant
conditions), but also by the unexpected behaviour of some reactor pressure
vessel internals during normal plant operation. The need of demonstrating the
vibrational behaviour of structure parts inside the vessel, after having done
the necessary improvements of the construction, indicated the onset of vibra-
tion-measurements and -analysis on site. From this starting point, with the
remarkable success to prove by means of a specilal analysis of neutron flux
signals, that the horizontal or the vertical vibration amplitudes of some
vessel internals remain well within the safety limits, the question was railsed
as to what extent similar methods can be used for continuous plant surveillan-
ce /1/,/2/. It is the impression of the author, that the ‘first success and the
prinicipal large capability of the analysis techniques, together with the de-
sire for better and more extensive plant surveilllance, was somewhat mislea-
ding the further development. Thus the so called signature approach was propa-
gated, looking for substantial deviations of signal structures as an indica-
tion for abnormal plant behaviour. Not withstanding the originality of this
idea the following two - strongly linked - problems are evident:
~ what conclusion can be drawn from the alteration of the signature (= inter-
pretation problem)
- what parameters have to be considered in order to achieve the desired sur-
veilllance (= optimization problem)

This means, when looking again for the neutron flux signal as a possibility

for the detection of vibrations, one has to investigate

- how the neutron flux is influenced by vibrating parts

- which parts can be considered to influence the neutron flux and what are
the adequate sensor positions.

First of all it were the operators, who suffered from these problems, because
they finally had to decide, whether or not a plant should be shut down when
strange signatures would appear. It turned out, that especially for applica-
tion of indirect methods (which are very important in practice because of
strong restrictions with respect to in-vessel instrumentation) rather sophi-
sticated investigations have to be performed in order to find out the corre-
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lations between the mechanical vibration and the signal measured. Therefore

it is necessary to make efforts to attack - at least - the interpretation pro-

blem and it is to be said, that in the last time considerable progress has

been made /3/, /4/.

It was the aim of a study contract sponsored by the European Communities to
collect and compare the experience of the noise and vibration measurements, as
gained 1in several plants in the Community, and to stimulate the further deve-
lopment of on-load surveillance methods based on a better interpretation of
the signal structure. A report "On-load Survelllance of Nuclear Power Plant
Components by Noise and Vibration Analysis" /5/ was prepared by experts from
Belgium, France, Italy, CCR Ispra and Germany. It consists of two main parts,
"Reactor Components" and "Turbines". A broad view is given on the measurement
and analysis techniques applied in this field. Furtheron the results gained on
several plants are discussed and compared. Two appendices contain a survey on
"Incipient failure detection by stress wave emission techniques" and a study
on the "Determination of a dynmic model characterizing the thermal behaviour
of a turbine".

This paper deals only with one aspect of the rgport, the measurement and in-
terpretation of on-line signals with respect to the vibration of séme in-
core components and the pressure vessel itself. In addition some recent in-
vestigations performed at the T.U., Munich are given which provide interesting

complementary information.

2. Direct and Indirect Methods for Vibration Measurement

In order to achieve a practical and applicable method for vibration measure-
ments of reactor components one has to look for signals, which are either al-
ready covered by the existing plant instrumentation or which can be measured
easily and without mechanical or space problems by additional sensors. There-
fore especially the measurement of vessel internals behaviour calls for the
application of indirect methods, i.e. we have to search for adequate signals,
which are substantially influenced by the movement of mechanicalrparts. This
can be the pressure, the neutron flux, acoustic-or even direct displacement-~
measurements when taking into account the various transport mechanism. As a
rule the sensors and electronic circuits of the existing plant instrumentation
are not designed for dynamic measurements. Therefore the application to vibra-
tion detection is restricted, but in general the dynamic range can be enlarged
without any difficulties.

Using indirect methods in practice means, that we have available a signal
with a certain constant level overlapped by a dynamic part of very low ampli-
tude, the so-called noise. This noise also contains the information on mecha-
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nical vibrations. The investigation of the nolse is performed by correlation By
and spectral analysis, which 1s well known under the generalizing term noise
analysis. In principle these methods permit to achieve an excellent ratio of
the useful part to the unuseful (disturbing) part of the signal by squaring
and integrating the total signal. Thus we get, in the frequency domain, the
following important quantities:
Auto Power Spectral Density (APSD) of x(t): ﬂxx=x*(f)x(f) (1)
Cross Power Spectral Density (CPSD) of x(t) and y(t): ﬂx =X*(£)Y(£) (2)
Coherence Function CF of x(t) and y(t) cxy=|¢xy|/(ﬂxx-¢yy”/2(3)
with the Fouriler transform of the signals x(t) and y(t)

X=F/x(t)7 ; Y=F/y(t)/ (4)
For practical applications it 1s very often suitable to normalize the spectra
to the square of the d.c. component i of the detector signals: N¢=ﬂ/12 (5)

2.1 Direct Methods

From the above it becomes evident, that knowledge of the actual vibrational
behaviour of the structure is an important aild for developing the indirect
methods. It can be achieved either by calculation and/or by experiments on
mock-ups or during the preoperational tests. The latter possibility is of ex-
treme importance. On the one hand the complex structure of the vessel inter-
nals makes very difficult to set up adequate theoretical models, on the other
hand practical experiments enable us to perform cross correlation measurements
between the varilous sensor signals, which are necessary to ilnvestigate the
cause-consequence relations of the relevant perameters.

The sensor 1is chosen with respect to the wanted information, to the available
space and to the environmental conditions. Depending on its type the amplitude,
veloclity or acceleration of the vibration is measured (extensive information
on sensor types 1s given in /5/). Typical positions used inside the vessel
during the preoperational phase are e.g. the gap of the core barrel and the
pressure vessel for measuring the movement of the core barrel in relation to
the pressure vessel wall, the control rod guilde tubes (especially at the

point of the maximum cross-section flow in front of an outlet nozzle), the
upper support.plate for detecting vertical vibration.

2.2 Indirect Methods

The most important parameters or physical mechanism, which enables us to per-
form an indirect measurement of reactor component vibration, are the reacti-
vity, the attenuation of fast neutrons, the movement of a neutron detector in
a fleld of varying flux density, pressure, and the transfer of vibration by
the structure or the coolant.
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2.2.1 Neutron Flux

Evidently the neutron flux offers several possibilities to detect vibrations.

The reactivity effect can be used to detect all those vibrations, which cause
directly or indirectly a relative movement of control rods with respect to
fuel elements. Assuming a peak of the neutron flux APSD can be attributed to
the reactivity effect of vibration within a band-width 4f, a rough estimation
of the mean vertical vibration amplitudes can be made:

B, ,=a gg=a 2/u(E) /2 (N ) A (6)
ﬂvvlbmzﬂz-T] APSD of the vertical vibration

a/bm_t] control rod reactivity calibration factor
¢99[hz—t] APSD of the relevant reactivity driving force
H(f) reactor transfer functio

(Nﬂnn)Af[Hz-t] NPSD of the measured neutron flux withinthe relevant bandwidth Af

From this the mean square root of (ﬂnn)Af’ i.e. the mean amplitude of vibra-

1/2 _ o 2,1/2
tion is calculated é} ﬂvvdﬁ] = (v7) (7)

Attenuation noise is defined as the neutron flux fluctuation at the location
of a detector outside the core, due to changes in the neutron attenuation bet-
ween the core and detector. As far as vibrations are concerned it can, in par-
ticular be caused by pendular oscillations of the core barrel in a PWR or by
movements of peripheral fuel assemblies. A rough estimate of the horizontal

vibration amplitude can be made as follows: ﬂhh=‘A;2(N¢ Yaf (8)
2 -1 nn’‘A

ﬂhh[bm Hz ] NPSD of the thickness changes of an attenuation layer

/4[bm_1] attenuation coefficient of fast neutrons

Furhter on the fluctuation of a neutron detector signal can be caused by de-
tector movement, when the detector is located in an area where a neutron flux
gradient exists. The detector movement in the direction s can then be calcu-
lated by means of the following correlation: ﬂss=n02-(3no/as)_2.(N¢nn)Ai (9}
gss APSD of the detector movement in the direction s

ng mean value of the neutron flux at the detector location

5n0/35 gradient of ng at the detector location in the direction s

There are a lot of other effects, which influence the neutron flux signal and
thus disturb the signal part relevant for our vibration measurements. These
are influences like variations of the moderator density resulting from boiling
turbulance or temperatur, changes in the moderators chemical composition,white
detection noise, the various kinds of instrumentation noise. Finally it shall
be mentioned, that more accurate amplitude measurements can be obtained only
by attributing the vibration of a single structure part to a certain peak in
the calculated PSD. This would call for more sophisticated measurement and
analysis, and simulation models describing the vibration behaviour of the
various mechanical parts.
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2.2.2 Pressure

The concept of using pressure signals for vibration detection is based on the
mechanism, that the movement of a solid in a fluid causes more or less expres-
sed pressure fluctuations, depending on the actual geometric situation and

the properties of the fluid. One important problem is the location of the sen-

sor with respect to the vibrating part. Long distances may alter the source

signal or even cancel it. During plant operation turbulences, boiling or pumps
may considerably mask the signal of interest. Finally the feedback cf the pressure
fluctuation on the structure has to be considered. Again nolse analysis is of great
help to identify the relevant pressure fluctuations, whereby measurements under
different operating conditions should be performed. Important methods are:

- cross-analysis between pressure noise signals and the special vibration
detectors installed inside the reactor pressure vessel during the preopera-
tional tests

- cross-analysis between pressure noise signals from transducers inside the
vessel during the preoperational tests and the pressure transducers used
for normal operation

- cross-analysis between pressure noilse signals of transducers outside the
pressure vessel. This may also give interesting indications with respect to
the nature of the pressure noise itself.

3. Measurement results obtained at the reactors SENA. TRINO. OBR IM and ECO

In order to achieve better discussion the following measurements are treated
with respect to the mechanism, which enables us to detect the vibration.

3.1 Attenuation

As far as the actual measurements on PWRs are concerned it turned out, that
the attenuation effect was the most pronounced one. When calculating the APSDs
and CPSDs of the signals of ionisation chambers located around the reactor
vessel the following results had been gained:

For SENA and TRINO well-pronounced peaks in the PSDs could be observed at
about 4.2 and 5.5 Hz (fig. 1 and 2). In addition the CPSDs between these sig-
nals showed a phase depending on the location of the chambers, i.e. 180° for
opposite positions and 0° for adjacent positions (see also fig. 7). This is
typical for horizontal movements of the vessel internal structure which change
the width of the water gap between the core and the detector and thus create
the attenuation effect.

When checking the 8 ionisation chamber signals around the core for their pha-
ses, the main axis of the vibrations can be found. As a result the axis of
the 4.2 Hz and the 5.5 Hz oscillations have an angle of about 90°, For SENA
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the relevant amplitudes were estimated to 0.24 mm and 0.08 mm

Fig. 3 shows the TRINO-PSD values at 4.2 Hz, plotted versus the circumferen-
tial sensor positions. The points are a good fit with the sine squared func-
tion. This is the behaviour which can be theoretically predicted by assuming
that this peak is due to pendular oscillation of the core package along a
given direction, whereby this direction can be identified from the curve. Thus
we have obtained a second proof of this kind of movement.

It has also to be mentioned, that the 5.5 Hz peak is independent of power,
whereas the 4.2 Hz peak shifts to higher frequencies by lowering the power
level. At 30 % power it even amounts to 5.5 Hz, so that only one resonance
peak is remaining in the spectra. In addition, measurements at TRINO have
shown, that once 100 % power is reached after a shutdown or prolonged opera-
tion at some lower power level, the frequency and height of this peak vary
for about 20 days before reaching again 4.2 Hz, Besides this behaviour, which
has not yet been explained, a good reproducability, in the course of various
measurements, could be shown.

At OBRIGHEIM only two ionization chambers outside the vessel, whose circum-
ferential position include an angle of 150°, have been available for noise
measurements, As to be seen from the CH of this two neutron flux signals, the
peak at 4-5 Hz with a phase of about 180° also inidcates the existance of a
pendular oscillation. In this context it should be noted, that during the pre-
op-tests a horizontal pendular movement with a preferred frequency at 5 Hz
had been measured by means of strain gauges (max. amplitudes + 0,2 mm). A 180°
phase shift can also be observed for the 10 Hz peak. It could not yet be cla-
rified, whether this is caused by the movement of some other structure parts
creating the attenuation effect, or whether it is a higher harmonic of the

5 Hz oscillation.

3.2 Reactivity

In practice the reactivity effect has been used to examine vertical oscilla-
tions of the core, and hence of the relevant support structure. It can very
often be seen only in connection with the pressure effect of vibration. This
is discussed in the next chapter.

With respect to the SENA and TRINO reactors the adequacy of repair to the in-
ternals had been proved by analysis of the neutron flux signals. It could be
shown, that the peaks of the neutron flux spectra were independent of the
control rod position. From this fact it was concluded, that membrane vibra-
tions of the lower core support plate, if any, were below the sensitivity
limit of these measurement methods, and therefore could not affect the struc-
ture integrity of the repaired reactor internals.
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Concerning investigations of fuel element vibrations during reactor operationf:4/
the experiments performed at the ECO-reactor, Ispra, have to be mentioned.

Here 1t was possible to equip the suspension of one fuel element with dis-
placement gauges. Thus the oscillation of the rods caused by the forced cir-
culation of D20 could be measured directly during operation, and correlated

with the neutron flux signal. Typical results are shown in fig. 4, indicating

the oscillation frequency of a fuel element located at the core border to be

0.28 Hz and proving the relevant modulation of the neutron flux signal as
measured in the central position of the core.

3.3 Reactivity and Pressure

When using these two quantities for vibration measurements it has to be born
in mind, that, for many cases, pressure and reactivity are coupled via the
process dynamics of the reactor. Thus the PSD of a pressure signal measured
at one of the vessel outlet nozzles of the OBRIGHEIM reactor, shows a 10 Hz
and a 15 Hz peak which appear also in the CPSD with the neutron flux signals
(f1g. 5). According to the phases of 180° (10 Hz) and 0° (15 Hz) appearing in
the CPSD of the two ion chambers in opposite positions (see 3.1), it can be
argued as follows:

- the structure part vibrating with 10 Hz is causing an attenuation effect
and, in addition, significant pressure fluctuations, which can be measured
even outside the vessel,

- the peak at 15 Hz in the neutron flux CPSD is caused by pressure fluctua-
tions influencing the reactivity (this could be proved also by a check
calculation). It 1s not clear whether this fluctuation origins from thermo-
dynamic effects or from vibrating parts.

It 1s important to note, that the 6.7 Hz peak, well expressed in the neutron
flux, does not appear in the pressure-APSD, This might stem from the fact,
that normal plant instrumentation had been used for pressure measurements,
whose dynamic behaviour could not be investigated. However, thils peak, appea-~
ring in the neutron flux CPSD at O°, i1s evidently caused by a reactivity
effect and thus can be attributed to a vertical oscillation of the fuel assem-
bly versus the control rods. As a matter of fact, during the preoperational
tests, vertical movements of the upper core support plate have been observed
to occur at frequencies between 6 Hz and 10 Hz.

3.4 Detector Movement

Detector oscillation 1s either to be considered as disturbing the interesting
vibration signal or as a means for detection of actual vibration of structure
parts. It is especial important for the interpretation of in-core neutron flux
signals. At OBRIGHEIM the in-core signals show a rather similar behaviour as
the signals of the ion chambers outside the vessel, especially with respect
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to the peaks discussed in 3.1. The relevant PSDs and CPSDs are shown in fig.6,
When comparing the signals of different incore positions it turns out, that
they show certain differences. Also the phase relations are very difficult to
interprete. The mechanical behaviour of the measurement assemblies, i.e. the
installation of the sensors with respect to other structure parts, can easily
influence the signal. In addition the local flux effects have to be considered.
As a consequence great care 1s necessary when analysing incore signals and,
for the most cases, more sophisticated models are necessary for understanding
of the various physical mechanism presented in the signals.

4, Some Recent Results of Vibration Measurements

Finally some recent results of noise measurements performed at the T.U. Mu-
nich shall be discussed in a summarizing manner, because they give further
explanation and proof of the vibrations discussed above. At the Stade nuclear
power plant again the pendular vibration of the structure could be measured.
The CPSD of two ionisation chamber signals showed well pronounced peak at13Hz,
which 1s in agreement with the results of direct measurements performed
during the reactor start up phase / 6/. Later records taken in the course of
a campalgn for periodically checking the relevant noise signals, demonstrated
the good reproducability of the phenomenon (fig. 7 and 8). Also the direct
proof of the pendular oscillation had been gained by correlating the neutron
flux signal with a signal of vertical displacement measured on a lid-screw of
the vessel /6/. The relevant CH, as calculated from subsequent measurements,
is given in fig. 7. In addition this result proved the assumption, that the
reactor vessel and the core barrel clamped on the vessel flange, can be con-
sidered to be a double pendulum. Assuming the coolant pressure fluctuations
are representing the driving force of the system, an idealized white band
noise was deduced from the measured pressure-PSD (which of course is also sub-
stantially influenced by the vibrating structure itself). Taking this as the
input of a double pendulum model a PSD of the pendular motion could be calcu-
lated, which 1s in fairly good agreement with the PSD of the measured dis-
placement- and pressure-signal (fig. 9 and 10).

Investigation of the phase relations of pressure-, displacement- and velocity-
signals measured during the preoperational tests on significant positions
along the flow path of the primary circuit, made possible to detect the
spreading direction of pressure fluctuations caused by deterministic and ran-
dom driving forces, and to estimate the location of the sources. Also the mean
distance of the sensor location could be calculated back from the measured
phase angles/4/.

5. Conclusion

Indirect measurement techniques are an important tool for investigation of

X
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structure vibrations, especlally for those parts which are located in a hosti-E4/4
le environment. The signals gained are difficult to interprete, but consider-

able progress had been made by using noise analysis methods. Here especially

a direct correlation of in-core sensors, which can remain installed only du-

ring the preoperational tests, with sensors outside the vessel offers the
possibility to discriminate the noise signals for their interesting signal

parts.

The global vertical and horizontal movement of the reactor vessel/core struc-
ture can be measured by analysis of the signals of ionisation chambers situ-
ated outside the vessel. First remarkable results were gained also from vib-
ration sensors outside the vessel and from pressure signals. It is believed,
that thorough analysis of the latter two signal types can considerably broa-
den and improve the possibilities and methods for on-site vibration measure-

ments.

Summarizing it can be stated, that the further development of measurement and
analysis for vibration phenomena will give assistance to

a) the adequate design of mechanical components with respect to dynamic

stresses

b) the optimization of inspections by applying the new analysis methods
during plant shut-down

c) the increase of plant availability and plant safety by continuous surveil-

lance during operation.
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