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ABSTRACT

The paper presents the results of vibration tests of PWR core bar-
rel model, which were performed in liquid flow of hydrodynamic
testing circuit in symmetrical/asymmetrical flow conditions simu=-
lating 4 and 3 loop operations., The measurements of dynamic stres=-
ees and displacements were carried out, processed stochastically
and analysed by correlation techniques,

INTRODUCTION

In practical engineering we meet with quite a number of failures
occurring in structures exposed to the effects of surrounding flu=-
id flow and caused by the vibrations of aero-hydrodynamic origin,
Failures resulting from the mentioned vibrations have mzde them-
selves felt as fatique damages, vibration erosion and corrosion
(Sedov ~t al, 198C = Malcotsis, 1985 - Koppe et al, 1585) even in
nuclear reactors, though pa ticular sttention has been given to
their asperation reliability and safety,

The consequences of ~ccidents caused by vibraticne are tsually ra-
ther serious, The time necessitated by <ezairamounts up to several
weeks, and in some cases up to several years, The resulting costs
soar thus very high, and further considerable ecconomic lcseses are
due to the compulsory shut-down tir~ughout the period cf repairs,
The damages of primary circuit are narticularly hazardeus, since

in the case the risk of radioactive environmental pollution beco=-
mes considerable,

The vibrations excited by fluid flow are generally very complex
phenomena, hardly all of them can be theoretically explained in

the present-day state of knowle -~ . This is e, g. true of the dy=-
namic oehaviour of core barrel in ron-nominal opsretion resuliing
from the break-down cf one of the circulation pumps, This paper
presents the results of model tests of dynamic response of the men=
tioned reactor component examined under operating concditions of
three and four circulation loops,

EXFERIMENTAL EQUIPMENTS
The model of the core barrel of active zone of a PWRreactnr is ree

presented in its simplification by a cylindrical thin-walled shell
of relative dimensions: t/a = 0,046, a/1= 0,231 ( %ee. the radius
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of the middle surface, t .., the wall thickness, 1 ,,, lerngth),
This model was provided with strair and acceleration sensors, The=
re were installed 26 straingages and 7 zccelerometers, scme of
them placed in sections perpendicular ito the model exis, others
along its creating lines, The core barrel model was placed into a
shortened model of the reactor pressure vessel manafactured in the
same scale including the distribution of the inlet and outlet bra=-
nches corvespoating te four zirculation lnsops established in the
feeding system of the test section, while imitating the operztion
of three civculation loops, one of the feecding channels was sealed,

CYNAMIC RESPOMSE MEASUREMENTS

The measurements of the dynamic stresses and displacements of the
core barrel model were carried out in the fluid flow of the hydro=-
dynamic test equipment (Kufelka et al, 1987)., It was the so called
open operation employing a upper suspended tank, The measuring eqg-
uipment concisted of the straingage, accelerometric, recording and
processing davices, The measuremcnts were performed at different
flow rates whilc the rennrds were taker usially from ten scranrs
simultaneosly, Statistic evaluation of the tape-recorded signals
we2 made in & double~channel B&K 2034 analyser, {uring the deta
preparation the signals were tested for stationarity on the basis
of standard deviations of the mean square values gained frcm the
equal time intervale of the sample record, To assesc the periodi-
city of the signals, an amplitude probability density function or
the autocorrelation function of the signal was applied, The sam=
pling interval of § 0,3125 ws was chosen in connection with the
maximum expected frequency up to 80C Hz. The Hanning function wit~

hin the appropriate frequency intervel was used as the weighting
functinn,

Cynamic stresses at three loops

The measurement of dynamic stresses while imitating the operation
of the three loops was graphically processed in the forms of the
time histories, power spectral densities (PSC), autccorrelograms
and probability densities of stress amplitudes, The examples of

the results for some places of the model are shown in Figs 1 to 3,
The amplitude time histories display a certain growth cf the in-
stantaneous amplitude with the increasing flow velocity, The maxi=
mum sfrain amplitude in the circumferential direction reached about
1,107%, while axially it was less than a half, The PsSD of the stra-
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in amplitude (Fig, 1) roce with rising velocity in a similar way,

Although the root-mean-~square (RMS) value_if the hoop stress am =

plitudes at the mean velocity v = 8,7 m,s was about 3,3 MPa, the
mentioned value measured in axizl direction at the same velocity

was significantly lower, Figs 2 and 3 give the exaiples of norma-

lized autocorrelogram and probability density of stress amplitudes
obtained from the sensor signals, Their analysis shows that it is

a narrow=band random process of non-zero mean square value with a

share of hydrodynamic excitation in the response of the core bar-

rel especially in the vicinity of system natural frequencies,

Dynamic stresses at four loops

The measurements of the dynamic stress at four loop operations we=-
re processed in the same way as for the three loop operations, i,
e, in the forms of time histories, power spectral densities, auto=-
correlograms and probality densities of the stress amplitudes, For
reason of economy, examples are shown only of power spectral den-
sity (Fig., 4) and probability density (Fig. 5).

The time histories rescaled a dependence on the mean flow velccity
anc also the fact that the instantaneous maximiim gsmplitude measu=
red in axial direction is lower than in circuinferential one, This
was confirmed by processing of the PSD data, While the RMS values
of stress gmplitudes in circumferential direction at velocity v =
= 8,7 m,s"" reach about 2,5 MPa, the same quantity measured axi=-
2lly ie considerably lower, The frequency spectrum of stress am =
plitudes is rich in clear resomance peaks, whose frequencies lar=-
gely correspond to same of the nat::ral frequencies of the system;
core barrel model - limited fluid surroundings (ku3elka at al,
1963), A thorough analysis of the stress amplitude PSD records of
individual sensor will reveal identical frequncies in whose vi=
cinities there are important resonances, Within the band of lower
frequencies, the number of the peaks is rather high in the vicini-
ty of 90 Hz, 115 Hz, 176 Hz and 330 Hz, It was confirmed the reso-
nance peak being dependent on the position of the sensor, The re=-
cords also make evident that frequencies obtained from different
sensors in the same frequency band establish a resonance area,
This can be explained by limited accurancy of the evaluation pro=-
cess and random character of the investigated phenomena, or by
splitting the frequencies of the vibration shapes under considera=-
tion, A specimen of the stress amplitde probability density (Fig.
5) points to e narrow-band random process with features sinilar
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to those obtained in the three loop operation,

Dynamic displacements at three loops

The instantaneous displacement amplitudes read in the middle hei-
ght plane of the model were ganging up to 44,10"° m, The measured
RMS amplitudes reached 6,107° m were changing circumferentially,
The sensors located on the axial plane of the branches or in the
lower half of the model indicated lower RMS values of the displa-
cement amplitudes than those installed on the middle height plane,
The frequency spectrum of the displacement amplitudes contains
resonance peaks which also appeared in the PSC records of the
stress amplitudes, In the frequency region up to 100 Hz, there was
a peak within the resonance hand around 90 Hz which can be accoun-
ted for as a fundamental mode,

Dynamic displacements at four loops

The measured instantaneous amplitudes on the middle height plane
of the model ranged up to 26,106 m, The RMS values ascgrtained:
they were circumferentially variable and reached 4,10°° m, The
RMS value of displacement ampl%tudes found on the axial plane of
the branches was about 1,5,107° m,

The frequency spectrum of the displacement amplitudes contazins re=-
sonance peaks which also appeared in recording of stress when four
circulation loops were operating, Besides the peak within resonan-
ce band around 90 Hz, they are also the resosnance peaks in bands
115 Hz, 175 Hz and 330 Hz (Fig. 8).

ANALYSIS OF RESULTS

The correlation technique was used to analyze the results obtain-
ed from two operational states of the core barrel while imitating
the function of three and four circulation loops. Fig, 7 shows the
recordings of the coherence of displacement amplitudes obtained
from the same sensors during operations of three and four loops.
When comparing the courses of the displacement coherence from the
same pairs of signals, important differences become apparent (Fig.
7). This is also supported by the courses of the stress amplitude
coherence for the same pairs of signals under different working
conditions, Comparing the cohérence curves, it becomes obvious
that at three circulatdon loops operating, the higher coherence
tends teo occur in the broadzr frequency interval, while the four

78



COHERENCE MAIN

¥

1.00
X:_ 64Hz + 800HZ LIN
SETUP W12 #A: 10 TOTAL 1

;
|
'I : " 3 j v T my 0
I i i o 100
i i ¢ 06
100 %00 Hz 800 100 400 Hz 800
Fig., 7 Coherence of dis- Fig., 8 Cross PGD of displace=
placement amplitu= ment amplitudes (ax) =
des - 3 and 4 loops 4 loops

loop operation tends to concentrate the higher coherence in narro=-
wer frequency bands, This statament is in a agreement with the

fact that the resonance amplitudes of stresses and displacements
at three loops are more frequent, higher and clearer then at the
four loop operation., An example of the magnitude and phase of the
PSD displacement amplitudes for a pair of sensors lying in an axi=-
al plane is given in Fig. 8. Obviously, the ghases are zerc almost
along the whole frequency band, The fact is also supported by the
recordings of the cross PSD of stress amplitudes obtained from a
pair of axial straingages. The implication is that the vibrating
random motion of the core barrel model in axial planes occurs so
that it can have a beam mode, or it can be a shell vibretion of

the first axial mode, The cross PSD of the displacement amplitudes,
read by a pair of sensors in a vertical plane to model axis, are
significantly different from each other, This is also supported by
different vibration behaviour of the core barrel as a result of
different flow conditions. Reference should be made to phase corre=-
lation for characteristic frequencies round 90 Hz, 115 Hz, 176 Hz
and 330 hz,

90 Hz: with three loop operations the phase ancle is - 155,2 Dg,
while with fcur loops the signals of same pair of sensors yield
zero Deg., The vibration antinode planes of the core barrel model,
in case of the circumferentially second mode, will thus be orient=-
ed for three loops, say, 22.5 Lg + 202.5 Dg to axial plane between
the inlet branches of the pressure vessel, If there are four loops,
the vibration antinode planes will be turned against the previous
state and the corresponding orientation will be ~ 22,5 Dg+- 202.5
bg.

115 Hz: The phase angle for three loops is = 132.4 Dg, while for
four loops it is zero Dg., In the vicinity of this characteristic
frequency, which corresponds to the third circumferential mode,

the spatial orientation of the complex vibration motion of the mo=-
del is also quite different,

176 Hz: The phase angle of the signals of radially acdjacent neigh=-
bouring sensors is 158,2 Dg for three lcops, while for four loops
it is 143,3 Dg.

330 Hz: The signals of sensors at three loop operation are in the
phase, while in four loops the phase angle makes 158,.8 g,

CONCLUSIONS

The tests and mgasurements of the dynamic response of a core barrel
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model in operation conditions of three and four circulation loops
have led to the following conclusions:

(1) Asymmetric loading of the core barrel due to coolant fluid
flow with only three loop operations leads, in contrast to four
loops which are arranged symmetrically, to a higher overall dyna=-
mics loads of core barrel,

(2) As a consequence of non-symmetric external forces and of
new internal force equilibrium the core barrel changes, in transit
from three to four circulation loops, the character of its vibra=
tion behaviour which is different from symmetrically distributed
inlet flow operation,

(3) In conditions provided by mndel experiments the random vi=-
bration motions of the mcdel were confined to the axially first
mode, both for three and four loop operations,

(4) The measured value of the RMS amplitudes of radial displa-
cements at three loops reached y = 6,10=®m, while with four loops
it was ¥ = 4,106 m,

(5) The values of the RMS stress amplitudes measured in circum=-
ferential direction at khree loops were 3,3 Mpa, while for four
loops it reached 2.6 MPa. with respect to the ultimate lenght of
the straingages, on the one hand and the existence of dynamic
stress peaks on the other, the values of the actual RMS stress am-
plitudes will be higher,

(6) The measured RMS stress amplitudes in the axial direction
were significantly lower, if it compared with similar values mea=
sured circumferentially,
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