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ABSTRACT

During the last 15 years, the problem of BWR instabilities has attracted the attention of a
number of researchers. From the theoretical point of view, one would be interested in physi-
cally understanding the mechanisms responsible for the in- and out-of-phase core wide power
oscillations observed at certain operating points of the power-flow map in different BWRs.
From the practical point of view, one must try to avoid these "incidents" since either locally,
or globally, the power may substantially exceed the prescribed levels. In this work, we shall
use RAMONA3-12 and analyse a rather unusual instability incident at Forsmark-1 in which in
addition to the core-wide fundamental spatial mode oscillation, there were local large amplitude
power oscillations at different radial positions in the core. We were able to reproduce these
unusual experimental findings by assuming that there are large amplitude Density Wave Os-
cillations (DWOs) in different bundles, induced by the fact that these bundles were not seated
properly into the lower fuel support plate.
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1 INTRODUCTION

A number of instability events occurred at different BWRs in the early eighties. It was soon
showed that BWRs could develop power oscillations, especially if they were operating at low
flow and high power conditions, e.g. at start-up of the reactor. In fact, it is the fundamental
neutron flux mode which oscillates and hence this mode is usually called the global or in-
phase mode. The physical reason for these oscillations can be explained by a simple non-
linear BWR point model^1"3), which describes the non-linear coupling between neutronics and
thermohydraulics in a BWR. The model predicts that above a certain value of the void feedback
coefficient, the system develops limit-cycle oscillations characteristic of a non-linear dynamical
system. The stability of a dynamical system is often quantified in terms of the decay ratio (DR).
The DR of a limit-cycle is unity, while a stable system has a DR less than unity. Furthermore,
limit-cycle oscillations result in the appearance of multiple resonance peaks on the neutron
spectra at frequencies which are multiples of the characteristic BWR resonance frequency
(around 0.5 Hz)^4\ During such an instability event at the Swedish reactor Forsmark-1, the
second peak was clearly visible in the neutron Auto Power Spectral Densities (APSDs)(4). Later,
a number of higher harmonic peaks were identified in neutron spectra of the Ringhals-1 BWR(5).

During the last decade, it became clear that in addition to the oscillations of the fundamental
spatial mode, there are also other mechanisms exciting (and hence, making unstable) the higher
spatial harmonics and in particular, the first higher order azimuthal mode^6"11). This mode
exhibits oscillations that are out-of-phase in the two radial halfs of the core. Furthermore, it be-
came clear that the out-of-phase mode can also become unstable (limit-cycle oscillations)^5'7'10),
while the fundamental mode is still stable. These so called regional oscillations are excited by
the same mechanism as the in-phase ones and they appear if the subcritical reactivity associated
with the first spatial harmonic mode decreases (in absolute value) below a certain valued.

Recently, an instability event occurred at the Forsmark-1 BWR in Sweden and the characteristics
of this event were quite different compared to most of the instability events which were recorded
in the past. In particular, it was observed that superimposed on the fundamental mode oscilla-
tions, were local large amplitude oscillations at different radial positions, predominantly on the
left hand side of the core. This behaviour clearly differs from both the in-phase and out-of-phase
modes described above, the most likely interpretation being that a localised disturbance source
is present in the left hand region of the core. In this work, we shall try to explain and clarify this
instability event by using the code RAMONA3-12. RAMONA has been frequently used as the
computational tool for studying the stability behaviour of different BWRs under various power
and flow conditions as well as in some benchmark studies^10"14).

This paper is organised as follows. In section 2, we shall briefly describe and discuss the
Forsmark-1 instability event. Subsequently, in section 3 we shall try to interpret the measure-
ments and based on this interpretation, simulate the event by using RAMONA3-12. Finally, in
Section 4 , we shall summarise our findings and draw certain conclusions about the different
simulations as well as the physical origin of the Forsmark instability event.



2 THE FORSMARK EVENT

The Forsmark-1 instability event occurred after the annual outage in 1996 and during the start-up
operation at 63.3% power and a mass flow of 4298kg/s. Local oscillations of large amplitudes
were detected, and these oscillations were superimposed on the core-wide fundamental mode
oscillations. The oscillations appeared at the low flow and high power operational points typical
of the fundamental mode oscillations as described previously. However, stability calculations
performed before start-up indicated a very stable core in the sense of the traditional BWR
instabilities. Thus, at this point, the reasons for the appearance of these oscillations could not
be understood.

It was then realised that the appearance of the local oscillations was a quite rare event and in
order to investigate this event in more detail, two measurements were performed at the beginning
of 1997 at two different operational points on the power flow map, close to where the local
oscillations were found during start-up. It was noticed that the local oscillations where excited
and clearly visible in one of these two measurements. The plant personnel analysed this data and
made a priority list of different bundles to be visually inspected during the next regular refuelling
outage. During the next annual shutdown in the summer of 1997, about 30 fuel bundles were
checked and it was found that a single one of them (the one located at radial position (18,3)) was
not correctly positioned (it was "unseated"). This particular fuel bundle had not been properly
put into the slots in the lower fuel support plate, i.e. it was an unseated fuel assembly. The reason
for this is that due to a construction deficiency of the lower fuel support plate, it is possible to
put a bundle in a core position so that it is not properly seated. However, it is common practice
to perform a visual inspection using a video camera after each core refuelling and hence, any
unseated assemblies should be detected in this way. After shuffling and refuelling for the new
cycle in 1997, the visual inspection found as many as 30 — 40 bundles unseated (i.e. about
6% of all fuel elements). The visual inspection is usually effective, however, it is still difficult
to perform this operation, mainly due to convection in the core pool. Thus, it is possible that
unseated assemblies can escape detection. The unseated bundles found after refuelling in 1997
were corrected and then there were no more stability problems either at start-up or during the
following cycle. Clearly, there is a connection between the facts that in the 1996-1997 cycle
there was at least one unseated bundle present in the core and that the core experienced stability
problems. It should also be noted that these localised oscillations have not been previously
seen at Forsmark. Furthermore, to the best of our knowledge, there is only one other similar
case of localised oscillations that have occurred and this happened in 1991 at the Finnish BWR

The consequence of the fact that a bundle is unseated is that some of the coolant water bypasses
the fuel channel, hence changing the nominal thermohydraulic boundary conditions at the inlet
of this bundle. This may result in the appearance of purely thermohydraulic instabilities like
large amplitude Density Wave Oscillations (DWOs). Although these oscillations are purely
thermohydraulic, they will affect the moderation properties of the fuel channel and hence give
rise to neutronic fluctuations in adjacent LPRMs. Clearly, the local effect of the DWOs on the
neutron flux will decay fastly with increasing distance from the bundle in which the instability
occurs and this is exactly how these large amplitude local neutronic oscillations behave in
Forsmark. As a matter of fact, we believe that these type of large amplitude DWOs in some



bundles is the only physically realistic source of the observed local oscillations in the Forsmark-
1 core. In the forthcoming section, we shall utilise this in order to simulate the experimental
findings during the Forsmark-1 instability event.
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Figure 1: Forsmark-1 radial power distribution.

In Fig. 1, we show the radial power distribution in the core of Forsmark-1 at the time the
instability event occurred. The different shades are indicative of the relative power of the
different bundles as shown on the right hand side of the figure.

In an attempt to investigate the local oscillations and if possible locate the one unseated fuel
element, Oguma^15) used noise analysis techniques. He found a strong space-dependent decay
ratio varying from 0.98 to 0.2 from the left to the right hand side of the core, respectively.
Further, the dominant perturbation source was found on the left half hand side of the core. He
assumed that there exist local oscillations which are generated simultaneously with the global
oscillations. However, since the aim of this work was to localise the unseated bundle, no
physical interpretation of these local oscillations was given.

The Department of Reactor Physics at the Chalmers University of Technology (CTH) also
investigated the aforementioned measurements within a research contract supported by the
Swedish Nuclear Power Inspectorate [16, 17]. The aim of this study was the same as in the
study by Oguma above: Namely, to identify the position of the unseated fuel assembly using



the measured LPRM signals. The ultimate purpose of this activity is to develop a method
by which one would be able to localise an unseated fuel assembly before the refuelling starts
and thus minimise the inspection time required to find it during refuelling. In the course of
this investigation, it was realised that a very effective and informative way to get information
about the BWR neutron flux oscillations is by constructing an animation or motion picture of
the space- and time-dependent neutron response by utilising the signals of all the LPRMs at a
certain axial elevation in the core. Such a movie constructed from all the LPRM signals of the
lowest axial measuring plane shows several local large amplitude oscillations (sometimes out-
of-phase) at different radial positions in the core. There is one primary spatial peak (i.e. localised
perturbation) and one secondary peak of smaller amplitude than the primary. Furthermore, there
are also perturbations at other positions that appear and vanish in a non-stationary way, not
exclusively on the left hand side of the core. Some of these local power oscillations occur at
two diametrically opposite radial sides of the core and sometimes they are out-of-phase.

Forsnwrk 1: Radial LPRM signals on tie bottom (MeciorptvM, msasund s t: R*S*J LPRM fjgnals on tw bottom dHKtor plvw, musurwl styiab

Figure 2: Radial LPRM signals on the bottom measuring plane; measured signals at two different
times.

In Fig. 2, we show a snap-shot of the signals measured during the instability event by all
LPRMs located at the axially lowest measurement level at a certain time during the transient; in
fact, this figure is a "snap-shot" from the aforementioned movie. One can clearly see the local
power oscillations superimposed on the overall oscillation of the fundamental spatial mode.
This unexpected behaviour can not be directly explained by any of the existing BWR instability
models. In particular, the conclusion of OgunW15) that there is a space-dependent decay ratio
(in the classical sense) can not be supported by physical arguments, the reason for this being
that the decay ratio of the different excited spatial harmonics is a constant for each harmonic, at
least as far as the traditional BWR instabilities are concerned.

One could get a first hint about the origin of this behaviour by trying to obtain some kind of
"average amplitude" of the neutronic LPRM signals at a certain axial plane. In Fig. 3, we show
such an "average amplitude" at the bottom measuring plane. This amplitude was obtained in the
following way: First, the APSD of each LPRM signal (28 signals) was calculated. Subsequently,
we took the maximum of the APSD value at the frequency of the peak. Finally, we took the
square root of this value to get an "amplitude".



In fact, one can get very similar amplitudes if one filters the signals close to the peak (0.3-0.8 Hz)
and then calculates the standard deviation for the filtered signal. Then, the standard deviation
will be a measure of the amplitude. Clearly, one can see that although there is a peak of the
amplitude at the position (18,3) of the bundle which is known to be unseqted, there is also a
peak at (7,13), suggesting that most likely, there is an other unseated bundle at this location in
the core.

Amplitude of the normalized noise signals from the APSDs [%]

Figure 3: Radial LPRM "average amplitude" signals on the bottom measuring plane obtained
as described above.

3 SIMULATIONS BY RAMONA

In order to analyse and understand the aforementioned unusual and unique behaviour, we used
the stability analysis code RAMONA3-12. In order to have a reference case, we initially
analysed the Forsmark-1 input deck by assuming no DWOs in any of the channels and the
RAMONA predictions for the APRM signal and power spectral density are shown in Fig. 4.
As expected, for this case, evaluation of the decay ratio showed that it is much less than one and
hence, the core is stable. One can clearly see the characteristic resonance at 0.53 Hz.

Since it is known that at least one bundle in Forsmark-1 was unseated during the 1996-1997
cycle, we assumed that this caused a restriction of the inlet flow area and thus resulted in DWOs
in this bundle. Clearly, the assumption that the incorrect positioning of a bundle induces a
DWOs instability in the bundle, is something which we cannot actually prove. However purely
on physical grounds, one would expect that if a bundle is unseated, this will change the inlet
boundary conditions and this may lead to DWOs. Furthermore, one cannot think of any other
type of perturbation in the bundle which would induce the observed phenomena.
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Figure 4: Forsmark-1: Predicted APRM signal and its power spectral density by assuming no
DWOs; RAMONA simulation.

To excite a DWOs instability in a bundle, we modified the loss coefficients at the inlet of
one bundle located at the radial position (18,3) (the only bundle which was known to be
unseated) and succeeded in exciting relatively large amplitude oscillations in this bundle. This
DWOs instability also excited the fundamental neutronic mode. Clearly, the DWOs provide the
necessary additional void fluctuating source to excite the oscillations of the fundamental spatial
mode.

Although we were able to excite both local oscillations and oscillations of the fundamental
spatial mode (we shall not show these results here), we were not able to fully reproduce the
experimental findings. The measurements showed that the local large amplitude oscillations
appeared at different radial positions in the core, and at least at two such positions, there were
stationary local oscillations. Clearly, this indicates that there were more than one bundle in
which large amplitude DWOs instabilities were taking place during the measurements i.e. more
than one unseated bundle.

Subsequently, we modified the loss coefficients at the inlet the 2 bundles (18,3) and (7,13) in
such a way that we excited DWOs in these bundles. In Fig. 5, we show the predicted signal
and its power spectral density. One can now clearly see that in the APRM signal, there are limit
cycle oscillations induced by the DWOs in the two bundles. There are now two different peaks
in the power spectrum, the one at 0.53 Hz which is due to the overall void fluctuations in the
core, and close to it, there is the one which is induced by the large amplitude DWOs in the two
bundles. This peak is at approximately 0.45 Hz which is the frequency of the DWOs. Hence,
superimposed on the core-wide oscillation of the fundamental spatial mode which is excited by
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Figure 5: Forsmark-1: Predicted APRM signal and its power spectral density by assuming
DWOs in two channels; RAMONA simulation.
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Figure 6: Radial LPRM signals on the bottom measuring plane calculated by RAMONA at two
different times; DWOs in two bundles.

the relatively large amplitude DWOs in the two bundles, there are now local large amplitude
limit-cycle oscillations, the amplitude of which is fastly decaying away from these bundles and
which is due to the DWOs. In Fig. 6, we show a snap-shot of the LPRM signals at the axially
lowest measurement level (at a different time to Fig. 2) as predicted by RAMONA, after having
modified the entrance loss coefficients in these two bundles and hence, exciting DWOs in



Forsmarki (operational point M2), Void oscillation at channel 255
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Figure 7: Forsmark-1: Void oscillation at channel 255 and its Power Spectral Density; RA-
MON A simulation.

Forsmarfc 1 (operational point M2), Void oscillations at channel 371

0 20 40 60 80 100 120 140 160 180 200

Power spectral density of the above signal

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Frequency

Figure 8: Forsmark-1: Void oscillation at channel 371 and its Power Spectral Density; RA-
MONA simulation.
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Figure 9: Forsmark-1: Signal of LPRM (17:4) and its power spectral density by assuming
DWOs in 20 channels; RAMONA simulation.

these bundles. This figure is to be compared to Fig. 2. The code predictions are qualitatively
similar to the measurements and one can see the local large amplitude power oscillations
superimposed on the core-wide power oscillations of the fundamental spatial mode excited by
the DWOs perturbations. Hence, one can conclude that existence large amplitude DWOs in
these two bundles can qualitatively explain the experimental findings during the Forsmark-1
instability event.

At this point, the question arises as to the response of the system for the case that there would
be DWOs in more than two bundles. To investigate this, we modified the loss coefficients at the
inlet of 20 bundles, including the one at (18,3), in such a way that we excited large amplitude
DWOs in all these bundles. In Fig. 7 and 8, we show the void oscillations as a function of time
as well as their power spectra for channels 255 and 371, respectively, while in Fig. 9, we show
the predicted LPRM (17:4) signal and its power spectral density. Clearly, as can be seen from
the spectra, the characteristic frequency of the DWOs is different at different radial positions,
in our case, at position 255 is approx. 0.35 Hz while at 371, it is approx. 0.43 Hz. Clearly, the
characteristic frequency of the DWOs at different radial positions is different. Similarly to the
case above, superimposed on the core-wide oscillation of the fundamental spatial mode, there
will be local large amplitude limit-cycle oscillations with rapidly decaying amplitudes as one
moves away from the bundles in which there are DWOs.

Hence, as expected from physical considerations, we found that a local hydraulic instability
like large amplitude DWOs generates a global limit cycle power oscillation due to the non-
linear void reactivity feedback coupling with the neutronics. Furthermore, the response of
the neutron field to the localised DWOs perturbation was strongly space-dependent, decaying
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as one moves away from the location where the hydraulic instability exists. Clearly, this
behaviour is similar to the classical radial decay of the neutronic response to a locally oscillating
absorber (i.e. an absorber of varying strength) as one moves away from the source. In fact,
one could actually utilise this strong spatial dependence in an appropriate fashion to localise
the bundle in which the perturbation exists. Such localisation procedures have recently been
developed and tested by several researchers^15"17). Though, the localisation task will be more
complicated if there are more than one bundle in which there are DWOs perturbations. Here,
we should point out once more that the local large amplitude power oscillations are the reason
for the excitation of the fundamental spatial mode by the coupling described above. The main
difference between this case and the BWR instabilities observed up to now being the following:
Usually, the fundamental spatial mode is excited not by large amplitude DWOs, but by the
uniformly distributed fluctuating sources (voids) in the core. This has been the case with all
up to now recorded instability events. Hence, there is no local space-dependence. In our case,
the instability is excited by the DWOs or, to put it differently, the DWOs provide the necessary
additional void fluctuating source to excite the oscillations of the fundamental spatial mode.

There are some very interesting observations about the RAMONA simulations which can be
seen in Figs. 4 - 7 :
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Figure 10: Forsmark-1: Power spectrum of LPRM (10:4) near the resonance peak.
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(1) If we only excite DWOs in two channels, there are two frequencies of the predicted power
oscillations as can be seen from Fig. 5, one at approximately fln — 0.45 Hz and the other
at approximately f2n = 0.53 Hz. Also for this case, there exist the harmonic peaks in the
APSD of the simulated neutronic signals due to the limit-cycle oscillations but only the
ones associated with the DWOs. One of the most interesting by-products of this work is
that if we now look closely at the experimental signals of any LPRM and filter the signals
with a 5th order Butterworth filter in the range between 0.3 and 0.6 Hz, one can clearly
see that also in the measurements, apart from the peak at 0.53 Hz, there is also a peak at
approximately 0.45 Hz. This can clearly be seen in Fig. 10.

(2) If we excite DWOs in many channels (in our case, 20 channels), as we already mentioned
before, the frequency of the DWOs at the different radial positions will be different
(see Figs 5 and 6) and hence, what one sees in the predicted neutronic LPRM signal
shown in Fig. 9 is only one weighted resonance frequency. The most striking thing
to notice is that the actual (17:4) LPRM signals exhibit a beat frequency. This beat
frequency is due to the superposition of the frequency /„ = 0.53 Hz associated with
the overall, core-wide fundamental spatial mode oscillations and the one of the weighted
local DWOs fdw = 0.45 Hz. As expected, this beat frequency is (fn — fdw)/2 = 0.04 Hz
(approximately).

The aforementioned beat frequency is not visible in any of the measured LPRM signals and this
could be either due to the background noise, or due to the fact that in reality, the amplitude of the
DWOs is lower than the one predicted by RAMONA. In any case, at this moment, we are not
in a position to say with certainty whether such an effect is present in the measured neutronic
signals. To explain qualitatively the beat frequency predicted by RAMONA for the case that
we have a number of channels with DWOs, we can use the simple reduced-order BWR model
developed in Refs 1-3 and we assume that in this model, the total fluctuating void feedback
reactivity can be written as

Spa(t) = 8pafi{t) + Asm{2irfdwt) (3.1)

The extra term A sin(2w fdwt) which is added on 8pafl{t) (which is the corresponding reactivity
without the DWOs), is supposed to somehow "model" the contribution to the total Spa{t) of the
overall weighted average of the effect of the DWOs which are excited with a frequency / = fdw.
In this simplified formalism in which we are using the point-kinetics model, the amplitude A is
a phenomenological parameter related to the "overall magnitude" of these DWOs, e.g. if there
are DWOs only in one channel, A will be smaller than the case in which there are DWOs in
many channels. Hence, the non-linear equation describing the neutronic fluctuations will now
read

dSn(t) po + (6pa>o(t) + Asm(2Trfdwt))-p Spa(t)
=

+ X8C(t) (3.2)

13



in which we shall assume that p0 = 0. Sn(t) is in fact expressed by 8n(t) = (N(t)— JV)/ Â  i.e it

is the difference between the instantaneous and the average value N- All the symbols have their
usual meaning. Coupled to this equation, there are also the other equations of the March-Leuba
model*1"3), i.e. the equations for the precursors,the fuel temperature and the fluctuating void
reactivity $pa,o(t)', we shall not write down these equations here. For demonstration purposes,
we solved these coupled non-linear equations by assuming that the oscillation frequency of
the density waves was just 0.06 Hz lower that the one associated with the overall, core-wide
oscillations and the resulting signal is shown in Fig. 11. One can see

M_L-equations, superimposed a sin(2.8't)
-i 1 r

-0.1

-0.2

9700 9750 9800
Time/s

9850 9900

Figure 11: Simulated neutronic signal from the March-Leuba model by assuming a void
reactivity of the form given by eq. (3.1).

the beat frequency originating from the fact that the frequencies of the core-wide and DWOs
are slightly different. Clearly, the DWOs term will start becoming increasingly important as
the value of the "amplitude" A increases. In fact, one could have a stable core if A = 0 while
oscillations with a decay ratio equal to 1 could be excited if A ^ 0. This was exactly the case
with the RAMONA runs.

Finally, in Fig. 12, we show a snap-shot of the LPRJVI signals at the axially lowest measurement
level (at a different time to Fig. 2) as predicted by RAMONA, after having modified the entrance
loss coefficients in 20 bundles and hence, exciting DWOs in these bundles. This figure is to be
compared to Fig. 2 and Fig. 6 where we show the case in which there are DWOs only in two
bundles. Also for this case, the code predictions are qualitatively similar to the measurements
and one can see local large amplitude power oscillations superimposed on the core-wide power
oscillations of the fundamental spatial mode.

14
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Figure 12: Radial LPRM signals on the bottom measuring plane calculated by RAMONA at
two different times: DWOs in 20 bundles.

4 CONCLUSIONS

By using the code RAMONA3-12, we simulated the measurements of the instability event
at Forsmark-1 during which, in addition to the classical in-phase, fundamental spatial model
oscillation, there were unexplained local large amplitude power oscillations at different radial
positions in the core. During inspection, one fuel element was found to be unseated. This
incorrect positioning of the bundle most probably resulted in changing the inlet bundle thermo-
hydraulic conditions to the point where large amplitude DWOs were excited in this particular
bundle due to the restriction of the inlet flow area. Motivated by the fact that appropriate
treatment of the measured signals indicated that there are at least two bundles which are induc-
ing large amplitude local neutronic disturbances, we appropriately modified the inlet boundary
conditions and induced large amplitude DWOs in these two bundles. Finally, we modified in
the same way the inlet boundary conditions in 20 bundles in order to assess the effect of large
amplitude DWOs in more than two bundles. For all cases, we ran the code for approximately
300 s transient time. The main conclusions of this analysis can be summarised as follows:

(1) By exciting large amplitude DWOs in two bundles, we found that superimposed on the
classical oscillations of the fundamental spatial mode, there are highly localised power
oscillations induced by large amplitude DWOs in the bundles which were assumed to
be unseated. Our predicted signals from the RAMONA simulation are qualitatively
very similar to the measured ones and this is also the case if one assumes DWOs in
more than two bundles. The excitation of the fundamental spatial mode is induced by
the DWOs in the different bundles and the local large amplitude type oscillations are
also part of the oscillations of the fundamental mode. This situation is different to the
classical BWR instabilities in which the excitement of the different spatial neutronic
modes, i.e. the fundamental or the first harmonic, is not induced by this type of local
large amplitude DWOs in the bundles, but by the over-all non-linear coupling between

15



the void reactivity and the neutronics in the BWR dynamical system: This is the driving
mechanism of this instability and as a result of the core-wide power oscillations, clearly,
small-amplitude DWOs will also be induced in all the bundles. In the Forsmark-1 case, in
addition to the oscillations induced by the core-wide non-linear coupling between the void
reactivity of the normal boiling process and the neutronics, the large amplitude DWOs
constitute themselves an additional source; in fact, in this case, it is just these local large
amplitude DWOs which are providing the necessary additional void reactivity to make
the core unstable. This is supported by the fact that after the unseated bundles were
properly placed, no more instabilities were observed. The amplitudes of these local large
amplitude power oscillations decay rather fastly as one moves away from the bundles
in which the perturbations exist. Should the number of the bundles with these local
thermohydraulic disturbances is limited (e.g. two or three), one could actually employ
localisation techniques to locate the position of the bundles with the DWOs (the unseated
bundles) and it has been demonstrated^16'17) that this is indeed possible. Finally, the
RAMON A simulations show that if there are DWOs in a number of bundles (in our case,
20) and the characteristic frequency of the DWOs is a little different to the oscillating
frequency of the fundamental spatial mode, the predicted power oscillation signals should
exhibit a beat frequency. This was not seen in the measurements.

(2) We have shown that the existence of large amplitude DWOs in different bundles which are
supposed to be unseated is the most likely physical mechanism responsible for the local
large amplitude power oscillations observed in the core. Thus, one should not expect a
radially space-dependent decay ratio in the sense that this term is used for the classical
BWR instabilities in which the fundamental or first spatial neutronic modes are excited.

(3) In view of the measurements and the RAMONA simulation results, we believe that the
unseated bundles were the ones located at the positions (18,3) and (7,13) in the core.
This is supported by the identification of these bundles by the non-intrusive techniques
described in Ref. 16 and 17.

(4) A direct relationship between the way the bundle was incorrect positioned and the way we
modified the inlet loss coefficients in order to excite DWOs is lacking. In fact, the aim of
this work was to investigate the effect of local DWOs in some bundles on the overall core
stability behaviour, rather than to establish such a relationship, which nevertheless could
be of real practical value.

Concluding, we can say with confidence that the RAMONA simulation of the Forsmark-1
instability event by assuming large amplitude DWOs in different bundles points out to the fact
that most likely, relatively large thermohydraulic instabilities in different bundles induced by the
fact that they were unseated were responsible for the local, large amplitude power oscillations.
In particular, most likely, these unseated bundles were the ones located at (18,3) and (7,13)
in the core. These local instabilities excited limit-cycle oscillations of the fundamental spatial
mode via well known mechanisms. As we have already pointed out in this work, we cannot
think of any other perturbation which could explain the experimental findings.
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