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Summary

BWR-instabilities can occur in fundamental mode with
in-phase core wide oscillations or in excited modes
as out-of-phase oscillations. The fundamental mode
can be successfully monitored with DR (Decay Ratio)
and amplitude calculations while the out-of-phase
oscillations demands phase analysis between the
LPRM-signals in different parts of the core.

The present report describes how the BWR-stability
monitor FASMON detects such excited modes and
presents the topology of the flux swing in a
horizontal plane in the core.

FASMON is the only available method to detect out-
of-phase oscillations fast (within 20 seconds) and
robust. The method was developed 1991 at EuroSim AB,
see Reference 4. During the development the method
was tested with different both theoretical- and
power plant data. The FASMON algorithm is based on
adaptive recursive filtering technique.

In 1993 EuroSim installed the FASMON software in a
monitor and demonstrated the function at Ringhals-1.
This work was supported by SKI(The Swedish Nuclear
Power Inspectorate), see Reference 5.

FASMON is running continuously since Oct 1993 as
part of the EuroSim monitor SIMON-64 in Kashiwasaki-
4, Japan.

All investigations with FASMON presented in this
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report show that the software is a good monitor
tool. The software makes surveillance of the phase
differences and amplitudes for a number of LPRM
signals.

The method to calculate the phase differences is
robust with the following characteristics:

The response time within 20 seconds for the
FASMON algorithm is very short.

Robust - works even under transient
conditions.

- Independent of the signal amplitude.

A dead sensor in a LPRM-pair does not cause
alarm.

The report gives results from investigations using
FASMON both on theoretical and measured signals.
As a conclusion the investigation of the instability
shows that FASMON works even under circumstances
with in-phase conditions and low amplitude up to
unstable conditions with out-of-phase oscillations
and high amplitude.

The FASMON software is a part of the more advanced
EUROSIM product, SIMON-64 monitor. SIMON-64 gives
alarm when DR for any of the included LPRM-signals
exc'i*?is the alarm limit (e.g. DR > 0.8) or when the
war \ um phase difference exceeds e.g. 135 degrees.

F. ,f >i, however, is also available as a stand alone
u ̂ -r. The hardwan is similar to SIMON-16 i.e. an
j ,i j .trial PC with 16 analog channels. Analog
cu;pjts for connection to external systems and alarm
he r.ling are also available.

AB, Sweden 1994, Approved by
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1 Background

History shows that BWR stability events can take
place with different scenarios:

1 High amplitude in-phase oscillations for
LPRM signals in different parts of the
core.

2 High amplitude out-of-phase oscillations
between two opposite azimuthal regions in
the core. In more complicated cases such
regions can be moving and the phase angle
between the regions can vary in time.

The first scenario where the core oscillates in-
phase, can be monitored by calculation of DR (Decay
Ratio) for APRM and individual LPRM's together with
amplitudes for the neutron signals.

The APRM signal, which is connected to the
protection system, will oscillate with high
amplitude when the local flux is high in amplitude.
Since the neutron signals oscillate in-phase. This
means that the protection system is sensitive to
high local flux.

The second scenario with space dependent
oscillations is more complicated. Here high local
amplitudes can interfere with each other and give
low amplitude in the APRM. The out-of-phase LPRM
candidates may cancel each others since APRM is a
sum of LPRM's.

It is of importance to be able to estimate the phase
angles between the LPRM's for the second scenario
which is more severe than the first one. A monitor
algorithm has been developed based on recursive
methods to calculate the phase differences between a
given number of LPRM's.

2 Method

The on-line monitoring of regional instability (out-
of-phase mode) is more complicated than the global
mode instability, because it requires not only the
detection of the instability but also the
identification of type of instability. This cannot
be automatically done by the DR monitoring alone.
The only feasible method so far known is based on
monitoring the phase relation among LPRM signals
that are located at azimuthally different places in
the core.
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The principle is to check the phase relation between
two local neutron flux signals that are measured by
two LPRMs in the opposite half of the core.
Evaluation of thus obtained phase relation for
reasonable number of LPRM pairs should give an
information of the type of power oscillations which
are predominant in the core. Namely, if the global
instability is dominant, the phase relations from
all LPRM pairs should result in a value less than 90
degree. On the other hand, if the regional
instability is dominant, then the phase relations
for LPRM pairs where the out-of-phase power
oscillations occur should give a value close t o 180
degree.

The phase relation between two signals may be
obtained by calculating the cross power spectrum
based on, e.g. FFT. However it has been experienced
that such a method requires rather long measurement
data to get reasonable accuracy. Therefore, it
cannot be applied to tracking of dynamic change of
the phase relation.

A novel method for on-line monitoring of the phase
relation has been developed at Eurosim AB in order
to apply it to the BWR stability monitoring [ 4 ] .
Through off-line / on-line tests using artificial
data as well as real power plant data, it has been
demonstrated that the method has excellent
performance in terms of fast response as well as
robustness even under transient conditions. The
basic idea of the present method for phase
calculation ir briefly explained below.

2.1 The recursive method for phase calculation

In the present method the phase difference is
evaluated directly in time domain. The idea is
based upon such a fact that the information which we
are interested in is the phase relation in a limited
frequency region, namely at about 0.5Hz. An adaptive
digital filtering technique has been applied to
extract directly the phase information. The method
allows the calculation of phase without making
transformation to frequency domain. The following
recursive algorithm is set-up to update the phase
relation for a pair of LPRM signal.

C) , Xj (t)
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where *$ denotes the phase difference between X, and
Xj , fi the so-called forgetting factor the value of
which is between zero and unity. The value of n
determines the response speed to a dynamic change of
the phase relation. The function F[*] is a
nonlinear function determined in combination with
the applied digital filtering algorithm so that one
can extract the phase information only in a limited
frequency region at about 0.5Hz. Thus obtained
phase difference #$(t) is updated each time when a
new sample data point is obtained. The phase
evaluation is performed for all pair of signals.
Namely, if we evaluate N-LPRMs, then the phase
relation of in total N*(N-l)/2 pairs are calculated.
However since the above algorithm is so efficient
that even a PC with moderate speed can manage to
evaluate all combinations for more than 10 LPRMs.

In the following, we demonstrate the performance of
the present method using both artificial data and
real plant data.

3 Test with mathematically generated data.

The response time for sudden jump in the phase angle
is presented in the figures 1 and 2. Four signals
with simulated neutron signals are in-phase in the
beginning of the time series, see figure 1. Then a
sudden shift in phase is performed, see figure 1.

In the beginning of the time series DR = 0.4. At the
time for phase shift DR is increased to 0.95. The
change in both DR and phase is performed to simulate
a sudden instability event. The following phase
relations hold true:

Channel 1: Continues with the same phase.
Channel 2: Continues with 36 degree.
Channel 3: Continues with 90 degree.
Channel 4: Continues with 126 degree.
Channel 5: Continues with 180 degree.

Figure 2 shows the time behavior of the calculated
phase differences for each pair of combinations. It
is seen that the phase curves change exponentially
to converge to the new state. From the final steady
state we obtain the relation between the signals.
The response time is estimated to 18 seconds
measured as a time constant. The results indicate
that:

Signal pairs

(2,1) and (4,3) with phase angle * 36 deg.(theory)
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(3,2) and (5,4) with phase angle = 54 deg.(theory)
(4,2), (3,1), (5,3) phase angle - 90 deg.(theory)
(4.1) with phase angle = 126 deg.(theory)
(5.2) with phase angle = 144 deg.(theory)
(5,1) with phase angle = 180 deg.(iheory)

The results indicate good agreement with what one
could expect. It is impressing to see how well the
signal combinations with the same phase difference
agree with each others e.g. (2,1) and (4,3).

Small phase angles, however, less than 90 degrees
are under estimated, see figure 2. While large phase
angles ( > 90 and < 180) are over estimated, see
figure 2. This defect is only in the diagram since a
non linear factor was lacking in the calculations.

4 FASMON results with data from Rinahals-1

During startup of Ringhals-l after the regular
outage 1989 measurements were performed at low flow
and high power, within the allowed area in the
operational diagram. The measurements were performed
by Ringhals personnel during a time interval of 90
seconds. The amplitude of oscillation was low
(< 6 % ) .

The results of the calculated phase angles are
presented in figures 3 and 4. String 16 is the zero-
reference. The maximum phase indicates clearly that
the core is oscillating out- of-phase. Highest phase
difference is noted for detector combination
(10,16). The arrows in the diagram in the figure 3
show increasing phase difference towards the left
side of the core. The arrow information is based on
mean value calculation of the phase angle for the
complete measurement, see reference 2.

Another information from the figure is also that the
phase angle varies with time, see detector
combination (10,20) in figure 4. The difference is
more than 135 degrees in the beginning of the time
series and around 60 degrees in the end of
measurement. String 10 and 16 seems to be the
azimuthal sources and 20, which is in the middle of
the core, moves in phase between them. The maximum
phase remains constant.

This example is quite interesting since the
amplitude did not increase and the operator never
observed the out-of-phase phenomena.
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5 Results with FASMON calculations on data
from a BWR stability event

Via international cooperation a set of measurement
data are available for EuroSim. The time series
includes a stability event in a BWR which ends with
space dependent oscillations with high amplitude. 5
neutron signals are available one is APRM and the
others are LPRM's from different parts of the core.
It was not known to EuroSim which one is the APRM.
Because of this fact all signals were treated as
LPRM signals during the analysis with FASMON.

The interesting point using FASMON is the maximum
phase difference observed between all combinations
of the used signals. Since APRM is a sum of LPRM the
largest phase difference is expected to be between
the individual LPRM. The fact that APRM is included
in the analysis will not lower the result.

The stability event is recorded in 4 time periods
called 1,2,3,4. Each period is 400 sec. The signals
are plotted in the figures 5 - 8 . Time period 1
starts with a low amplitude oscillation while the
other periods display increasing amplitudes. The top
recording in each figure (APRM-A1) increases in
amplitude with the numbers 1.175, 2.115, 2.158 and
19.81 (%) for the time periods 1,2,3,4 respectively.

The same holds true for the phase angles between the
signals from the different time periods. The phase
angle for the time period 1 fluctuates between 50-70
degrees, see figure 9. Time period 2 shows a more
fluctuating phase angle with a maximum phase angle
of 100 degree. During the time period 3 there is a
switch over in the phase angle. The phase angle
increases to 150 degrees. During this time period
the amplitude also increases, see figure 10.

The turn over from in-phase to out-of-phase
oscillation is performed quite quickly. It takes 30
blocks »300 sec.

The fourth time period which is the last includes
finally a phase angle of 160 degrees, see figure 10.
During the same period the amplitude is around 40 %
peak to peak.

As a conclusion the investigation of the instability
shows that FASMON works even under circumstances
with in-phase conditions and low amplitude up to
unstable conditions with out-of-phase oscillations
and high amplitude.
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6 FASMON the monitor

The FASMON software is a part of the EUROSIN product
SIMON-64 monitor. SIMON-64 gives alarm when DR for
any of included LPRM-signals exceeds the alarm limit
(e.g. DR > 0.8) or when the maximum phase difference
exceeds e.g. 135 degrees.

FASMON, however, is also available as a stand alone
unit. The hardware is similar tc SIMON-16 which
means an industrial PC with 16 analog channels.
Analog outputs for connection to external systems
and alarm handling are also available. (Observe that
the FASMON monitor also can be installed with
software for DR calculations.)

Figure 11 and 12 shows the display of FASMON. The
left hand side of the figure shows the maximum phase
difference and the amplitude as a function of time.
The picture of the core indicates used detector
strings. The LPRM pair with the highest phase
difference is colored red.

Figure 12 indicates what happens when out-of-phase
oscillations occur. The sensor pair with the highest
phase difference will be colored with a red and blue
square, respectively, to indicate their opposite
character, see figure 12. The other sensors will
with respect to their phase be blue or red in color
if they are close enough in-phase to any of the
extreme sensors. This pattern will form a group-
picture to display the topology of the flux swing in
a horizontal plane of the core.

The operator can follow the type of oscillations
that occur since the display function is updated
with high frequency, see figure 12. A rotating
behavior of the azimuthal regions, if occurring, is
also seen on the screen.

7 Conclusions

FASMON is the only available method to detect out-
of-phase oscillations fast (within 20 seconds) and
robust. The method was developed 1991 at Eurosim AB,
see Reference 4. During the development the method
was tested with different both theoretical- and
power plant data. The FASMON algorithm is based on
adaptive recursive filtering technique.

All investigations with FASMON presented in this
report show that the software is a good monitor
tool. The software makes surveillance of the phase
differences and amplitudes for a numter of LPRM
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signals.

The method to calculate the phase differences is
robust with the following characteristics:

- The response time within 20 seconds for the
FASMON algorithm is very short.

- Robust - works even under transient
conditions.

Independent of the signal amplitude.

- A dead sensor in a LPRM-pair does not cause
alarm.

As a conclusion the investigations of the
instabilities show that FASMON works even under
circumstances with in-phase conditions and low
amplitude up to unstable conditions with out-of-
phase oscillations and high amplitude.

The FASMON software is a part of the more advanced
EUROSIM product, SIMON-64 monitor. SIMON-64 gives
alarm when DR for any of the included LPRM-signals
exceeds the alarm limit (e.g. DR > 0.8) or when the
maximum phase difference exceeds e.g. 135 degrees.

FASMON, however, is also available as a stand alone
unit. The hardware is similar to SIMON-16 i.e. an
industrial PC with 16 analog channels. Analog
outputs for connection to external systems and alarm
handling are also available. (Observe that the
FASMON monitor can also be installed with software
for DR calculations.)
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Time behaviour of phase and amplitude
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Time behaviour of phase and amplitude
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