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SUMMARY
The reactivity of the KNK II /1/, a sodium cooled fast test reactor, showed almost har-

monic oscillations with amplitudes of Ap § .25 ¢ and definite frequencies. As the oscillation
frequencies varied proportionally with the flow rate it was concluded that flow-induced
vibration of some core internals might be the cause.

The control rods could be eliminated as possible candidates by measurements with seismic
transducers mounted on the contrcl rod drive mechanisms. Due to the lack of an in-core vibra-
tion instrumentation any fuel element vibration could not be checked directly. However, by
sensitive correlation measurements between the reactivity and the fuel element coolant outlet
temperatures it could be shown that the fuel elements of the reactor testing zone caused the
reactivity oscillations.

The fact that the vibration was present only at power operation is explained by the bow-
ing effect. By this effect the fuel elements are tightened at their pads. It also generates
gaps at the upper pad levels between the central fuel element and its neighbours. Thus only
the 7 central fuel elements became susceptible to elastic vibration.

Measurements under various operational conditions and theoretical considerations showed
that the flow-induced vibration must have been caused by vortex shedding or jet switching.
According to the measured frequencies and the Strouhal numbers, vortex shedding at each fuel
element outlet nozzle seems to be most likely. The induced mechanical strains have been esti-
mated and turned out to be of no concern. There are indications for a relationship between
the detected vibration and independently observed wear marks on the fuel pins /2/. A clear

statement on this is expected from further post irradiation examinations.
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1. Introduction

Sensitive reactivity monitoring at KNK II, a sodium cooled fast test reactor with 58 thh
/1/, showed almost harmonic reactivity oscillations with amplitudes up to 0.25 ¢. They show
up in the corresponding power spectral demsity function (PSD) as sharp peaks (Figs. 1 and 2).
Because of the particular frequency characteristic it could be concluded that they were
caused by flow-induced vibration of some core internals. Measurements with seismic transducers
fixed on the casings of the control rod drive mechanisms showed however, that the conspicuous
reactivity oscillations were not caused by control rod vibration. Direct detection of fuel
element vibration would have required an in-core instrumentation which was not available ‘at
this reactor. However by means of the thermocouples for coolant outlet temperature monitoring
of individual fuel elements it could be demonstrated that vibrating fuel elements of the test
zone caused the reactivity oscillations. As fuel element vibration with similar characteri-
stics has obviously not been observed before, efforts have been made in order to classify
the flow-induced vibration and to identify the particular excitation mechanism. This is neces-—
sary for estimating vibration induced strains and for assessing whether other mechanical

effects might be related.

2. Identification of the reactivity oscillations

As KNK II behaves according to the point reactor kinetics model, a localization of reac-—
tivity effects is impossible by means of the reactivity signal only. But sensitive cross-—
correlation measurements between the reactivity signal p, derived from out-of-core BF3—i0ni—
zation chambers, and fuel element coolant outlet temperature signals T showed the following
result (Fig. 2): The coolant outlet temperature T, of a particular fuel element "i" is corre-
lated with the reactivity at one (or more) well defined frequency (frequencies) with small
bandwidth (Af/f s .0l) at which the power spectral demsity of the reactivity PSD(p) has
peaks. This cannot be caused by the observed integral power oscillations and by corresponding
coolant temperature oscillations because this would affect all fuel elements in a similar
way. In addition this temperature oscillation would be too small for detection. The same
holds for local power variations induced by vibrationm.

But horizontal vibration of a particular fuel element outlet nozzle relative to the ther-
mocouple, which is fixed 2 cm above this nozzle at a separate instrumentation plate, can
induce oscillations of the corresponding coolant outlet temperature. It was estimated e. g.
that a radial temperature differenceof about 3 K across the outlet nozzle, which seems rea-
sonable in spite of the flow-mixer, would be sufficient to explain the measured coherence
function y /3/. Therefore the correlation between Ti and p observed at a particular frequency
£, was used to identify the fuel element denoted by "i" as the cause of this reactivity os-—
cillation. However, all further information about the fuel element motion was derived from
the reactivity signal alone.

As an example Fig. 2 shows the reactivity spectrum (pSD(p)) together with the coherence
functions Y(p,Ti) between p and the signals Ti for all seven fuel elements of the testing
zone (see also Fig. 3). The coherence functions Y(p,Ti) show one or more sharp peaks for five
of them, clearly indicating a correlation between p and Ti' Often correlations for all fuel
elements of the testing zonme were fond. The frequencies of all peaks of the coherence func-
tions y(pATi)differ from each other and they appear at frequencies fi where the reactivity

spectrum has also peaks. The fact that each peak (or pair of peaks) is characteristic for

— 350 — D 8/3



only one individual fuel element proves that they are really caused by temperature fluctua-
tions of individual fuel elements.
In this way it could be shown that only fuel elements of the testing zome showed this

type of vibrational effects.

3. Investigation of the vibrational behaviour

So far the correlation measurements allowed the localization of the reactivity effect
only. Further analysis at different powef levels showed that the oscillation frequencies, fi’
of all fuel elements involved are directly proportional to the power between 30 % and 90 %
power levels. As in this operational range the ratio between the reactor power and the total
coolant flow rate is kept constant the frequencies fi are also proportional to the coolant
flow rate. Theoretical considerations concerning the parameters which influence the frequency
and euxiliary measurements at which the ratio between the power and the flow rate was changed
show that the frequencies are shifted by the coolant flow proportionally to it. This indicates
a flow-induced phenomenon and more specificly a fluid dynamic effect as excitation mechanism.

A comparison (Fig. 1) between the PSD(p) measured at full power and zero power but at a
similar flow rate shows that all peaks related to the fuel elements are completely absent at
zero power. On the other hand the broad band reactivity noise above .5 Hz is considerably
bigger at zero power than at some power. In order to undersfand this result additional mea-
surements were performed between zero and 30 7 power levels, a range in which thecoolant flow
is kept constant (corresponding to 30 % power) to build up the coolant temperature rise. They
showed that the peaks in the PSD(p) appear with their characteristic pattern between 10 and
15 % power level (see Fig. 4). (Inthe same power range the static power coefficient changes
considerably.)

These results can be explained in the following way: At zero power the fuel elements are
standing relatively loosely in their carrier ﬁnits and are subjected to flow driven random
movements within the clearances at the pads (.6 mm at the upper and .1 mm at the lower pads).
This causes the big reactivity noise level above .5 Hz in a wide frequency band. With power
ascension the clearances are used up due to the bowing effect and contact forces build up at
the pads. Thus random movements of the whole fuel elements are no longer possible. Hence the
general reactivity noise level above .5 Hz is decreased. (The increasing noise level below
.5 Hz is due to temperature effects related to the heat removal.) On the other hand ‘when the
fuel elements are tightenmed at the pads through the bowing effect they become also susceptible
to elastic vibration. As all fuel elements are bent outward in their upper parts, except the
central fuel element which is not exposed to a horizontal temperature gradient, a gap of
about 1 mm develops between the central fuel element and each of its neighbours, /4/, (see
Fig. 5). Consequently only for the fuel elements of the testing zome a clearance at the upper
pad level is left which allows a horizontal vibration with the lower end fixed and the upper
end free. This fact can explain why oscillations could be ovserved only for the fuel elements
of the testing zone and only at reactor power levels (above 10 % of full power) where the
bowing effect is strong encugh to fix them at their lower parts. The clamping also explains
qualitatively the observed deviation from the proportionality between fi and the flow rate
in the power ranges below 30 % and above 90 %Z. In these ranges the coolant temperature rise
changes. Hence the radial temperature gradient is changed and consequently also the core

clamping by means of the bowing effect. This was confirmed by additional measurements for
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which the average coolant temperature and the coolant temperature rise were varied separately
at a constant coolant flow. The frequencies increase with increasing temperature rise.

It has also been considered whether non-mechanical effects such as gas bubbles in the
coolant, flow fluctuations or even sodium boiling could cause the reactivity oscillations.
But according to the experimental results and to reactivity calculations these possibilities
must be excluded.

From the measured reactivity amplitude a displacement of about .2 mm at the upper pad
level was calculated. This must be attributed to a motion of whole fuel elements in the test-—
ing zone within the gaps at the upper pads. Vibration of the pin bundle within the wrapper
tube can be excluded becauce of the axial disalignment of the bundle which makes the clear-
ances provided between the spacer grids and the wrapper tube ineffective. In addition the ob-
served differences between power and zero power operation could not be explained in this case.
The latter argument holds also for coherent fuel pin vibration within the spacer grids. From
all these considerations it must be concluded that whole fuel elements vibrate in the radial
core direction.

As excitation mechanism a fluid dynamic effect must be assumed according to the propor-—
tionality between fi and the flow rate. For the same reason the usual excitation by turbulent
flow fluctuations must be ruled out because in this case essentially only natural modes of
the structure would appear /5/. An oscillation like a fluid conveying pipe must also be exclu-
ded, because the corresponding oscillation frequencies do not increase proportionally with
the flow rate /6/. Far field excitation by a source outside the core is also impossible be-
cause it should impose the same frequencies on all fuel elements involved.

The following additional observations will give some information about the fluid dynamic
effect: The Figs. 1 and 2 indicate the existance of higher harmonics. A special analysis /7/
showed that higher harmonics of each fuel element appeared indeed. From measurements with
high resolution an extremely small half band width of Af/f =+ 3 - 10_3 was determined for the
oscillation. This is in agreement with a very long coherence time bigger than 200 s which
could be measured for one vibrating fuel element. These are strong indications for a self-
sustained oscillation. Its characteristic feature is astrong periodicity, the frequency of
which is controlled by the vibrating system itself, in this case by the coolant flow. Espe-
cially the proportionality between the frequency and the coolant flow is typical for vortex

shedding /6/. For fixed structures its frequency fs is given by /6/
(1)

where S is the Strouhal number, v is the free stream velocity and D is a characteristic length
of the vortex shedding structure. According to this relationship the coolant inlet throttle
may be a possible location. For the coolant outlet nozzle and the hydraulic hold down unit
the Eq. (1) could not be applied as the pertinent parameters are not known. As the applica-
tion of Eq. (1) is limited to fixed structures which may not always be correct in our case it

is used as an approximate guideline only.

4, Interpretation by a nonlinear fluid oscillator model

The existance of higher harmonics with amplitudes being some times even bigger than those
of the fundamental modes cannot be explained by neutronic effects or by spatial modes of the

structure /8/. However higher harmonics may well be caused by nonlinear fluid mechanical
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effects such as vortex shedding. For its description generally an oscillator model is applied
consisting of two coupled differential equations, one for the structure and another one for
the fluid /9/.

For the former normally the linear equation for a spring mass system excited by the
fluid oscillation is used and for the latter the nonlinear inhomogeneous Van der Pol Equation
is applied /9/. An analysis of this system gives the following results /8/. The common oscil-
lation frequency fo of this coupled system is approximately equal to the vortex shedding fre-
quency fs. This is in good agreement with the measurements and explains well the observed
frequency dependence upon the flow. But fi depends also on other parameters of the fluid and
the structure. This fact can explain the deviation from the proportionality between fi and the
flow rate in the lowand high power ranges where the core clamping forces change. For the same
reason a spatial separation between the wake from where the vortices are shed and the vortex—
induced vibrating structure seems also unlikely because in this case a feedback from the
vibrating structure to the wake would hardly be possible.

In addition the nonlinearity of the Van der Pol Equation leads to oscillations with sub-
harmonic and superharmonic frequencies /10/ with even and odd integer ratios being in good
agreement with the experimental results. The theory allows also for the possibility that the
higher harmonics may have bigger amplitudes than the fundamental mode, which was also ob-
served.

Obviously this model can explain at least qualitatively all characteristics of the ob-
served oscillations whichare rather uncommon for fuel element vibration but which are well
known from other technical systems e. g. cross—flow in tube bundles of heat exchangers.

It must however be realized that the Van der Pol Equation has been applied also success-
fully to a whole category of hydrodynamic processes such as the pneumatic hammer, the beat-
ing of the heart, etc. /9/. Vortex-induced vibration belongs, among others, to this category.
Hence other nonlinear mechanisms of flow-induced vibration must also be considered in our
case. Such a possibility could be the flow-inducedvibration by jet switching /6/. It may
occur if the wake is too small for vortex shedding. Jet switching is expected if v/(£:D) 2
75. Therefore the grid spacers and the fuel element coolant outlet nozzles have to be con-
sidéred as possible locatioms.

Due to the fact that whole fuel elements vibrate it seems to be most likely that the ex-
citation either by vortex shedding or jet switching occurs at the flow discharge from the
fuel assemblies /11/. In this case relatively small forces would be necessary because of the
long lever arm.

So far we have not accounted for the fact that the fuel elements in the ring of the
testing zone can move only to the core center (see Fig. 5). With this restriction a harmonic
excitation force leads to oscillations with higher harmonics of integer order. This may be
an additional cause for the observed higher harmonics. From a special correlation method for
higher harmonics /7/ the phase relation between the fundamental and the first harmonic mode

was obtained from the measured signals. It indicates indeed such a.type of motion.

5. Conclusions
The reactivity is only an indirect signal for the observation of fuel element vibration.
However, by using sensitive signal analysis techniques and vibration models, it was possible

to identify, to localize and to analyze fuel element vibration. This was achieved by using
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the normal plant instrumentation at regular plant operation. Therefore this approach fits best
the requirements of a monitoring system not disturbing the normal plant operation. '

The core tightening by the bowing effect is a necessary requirement for the occurence
of the fuel element vibration. Possibly this might be a reason for the fact that this type of
vibration has to our knowledge not been observed during previous out-of-pile tests. There is
only one case where for fuel elements a proportionality between the frequency (of a pressure
oscillation) and the flow rate was observed /12/.

The detected reactivity oscillations are caused by vibrations of whole fuel elements. of
the testing zone. The vibration induces at the upper pads displacements of < .2 mm. Based on
this value strains of s 25 um/m and s 2 um/m have been estimated for the wrapper tubes and
the fuel pins respectively. This is well within the design specifications.

The vibration is caused by a fluid dynamic excitation such as vortex shedding or jet
switching. The most likely location for it seems to be the coolant outlet nozzles.

Finally the question was investigated whether there exists any relationship between this
type of vibration and wear marks on pins of two fuel elements for which a post irradiation
examination has already been performed /2/. They had performed up to some lO7 oscillations.
These wear marks were found on the cladding of many fuel pins where they contact the grid
spacers. In the case they are caused by the observed vibration, they should become bigger with
increasing coreheight according to the increasing oscillation amplitude. This was confirmed
by the post irradiation examination. One would also expect that the wear marks would show a
pattern typical for the oscillation direction. Only for ome from six wear mark patterns which
could be investigated for this purpose it was possible to recognize definitely the orienta-
tion and thisorientation agrees with the direction anticipated for the fuel element vibrationm.

Therefore it seems possible that the detected fuel element vibration may cause the ob-—
served wear marks. However, this question can be definitely clarified only after post irradia-

tion examination of all fuel elements which will be performed anyway.
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