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a b s t r a c t

Electromagnetic vortex flowmeter is a new type of instrument for detecting leakage of steam generator,
and the signal processing method based on the envelope to calculate energy ratio can effectively detect
bubbles in sodium flow. The signal processing method is not affected by changes in the amplitude of the
sensor output signal, which is caused by changes in magnetic field strength and other factors. However,
the detection sensitivity of the electromagnetic vortex flowmeter is reduced. To this end, a signal pro-
cessing method based on inverse Fourier transform to calculate energy ratio is proposed. According to
the difference between the frequency band of the bubble noise signal and the flow signal, only the
amplitude in the frequency band of the flow signal is retained in the frequency domain, and then the
flow signal is obtained by the inverse Fourier transform method, thereby calculating the energy ratio.
Using this method to process the experimental data, the results show that it can detect 0.1 g/s leak rate of
water in the steam generator, and its performance is significantly better than that of the signal processing
method based on the envelope to calculate energy ratio.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In a sodium-cooled nuclear reactor, the steam generator is a
heat exchange device between sodium andwater [1]. It may occur a
leakage to cause a sodium-water reaction accident [2,3]. The
product of sodium-water reaction is very corrosive, which will
accelerate the leakage of steam generator and cause serious safety
accidents [4,5]. Therefore, it is necessary to detect whether the
steam generator has leaked in time [6].

The electromagnetic vortex flowmeter is composed of two
parts: a sensor and a transmitter (a signal excitation and processing
system). It is used to detect whether the sodium flow contains
hydrogen bubbles generated by the sodium-water reaction, so as to
determine whether the steam generator in the fast reactor has
leaked. The electromagnetic vortex flowmeter is installed on a pipe
1e2 m away from the steam generator, and the sodium flow rate in
the pipe is greater than 1 m/s. The bubbles will flowwith the liquid
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sodium, so it can be considered that the speed of the bubble is close
to the speed of the liquid sodium. Therefore, the time delay caused
by bubble transport is not more than 2 s. The sensor signal for-
mation time and the signal processing time add up to less than 2 s.
So, when the electromagnetic vortex flowmeter is used to detect
bubbles, the response time is only a few seconds. The signal pro-
cessing method plays a vital role when the electromagnetic vortex
flowmeter is used to detect leakage. In Ref. [7], the signal processing
method based on the envelope to calculate energy ratio (ER) is
proposed, that is, (1) It is regarded that the sensor output signal is
composed of flow signal and bubble noise signal. (2) According to
its envelope, first the bubble noise signal is extracted, and then the
flow signal is calculated. (3) The energy of the signal is regarded as
the numerator, and the energy of the sensor output signal is
regarded as the denominator, and then the ER of the sensor output
signal is obtained. However, this signal processing method sacri-
fices the sensitivity of the electromagnetic vortex flowmeter when
detecting bubbles in sodium flow. This is because the bubble noise
signal also introduces local maximum and local minimum points.
When searching for the local maximum and local minimum points
of the sensor output signal, there is no guarantee that all the local
maximum and local minimum points are generated by the flow
signal, so that the flow signal calculated by the envelope has a
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Fig. 2. The amplitude spectrum of the sensor output signal when the gas injection
flow rate is 0.8 L/min.
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certain deviation from the actual flow signal.
To this end, a new kind of signal processing method is proposed

to calculate the ER for improving the sensitivity of electromagnetic
vortex flowmeter in detecting bubbles in sodium flow.

2. Research on signal processing method

The characteristics of the sensor output signal is compared and
analyzed when there are no bubbles in the sodium flow and when
there are bubbles in the sodium flow. The collection conditions of
the experimental data used in this short paper are exactly the same
as the collection conditions of the experimental data used in
Ref. [7]. The frequency bands between the flow signal and the
bubble noise signal in the sensor output signal are different, so the
inverse Fourier transform method is used to calculate the flow
signal in the sensor output signal, and then the ER corresponding to
the sensor output signal is calculated, thereby improving the
sensitivity of judging the bubbles in the sodium flow according to
the ER.

2.1. Signal characteristics

By comparing the difference of the sensor output signal in the
frequency domain, the influence of bubbles on the composition of
the sensor output signal is determined. To this end, the sensor
output signals are compared for different gas injection flow rates at
the same sodium flow rate. The signals with a time length of 10s are
randomly selected from the sensor output signal when the gas
injection flow rate is 0 L/min and 0.8L/min, respectively, and the
corresponding amplitude spectra are calculated, as shown in Fig. 1
and Fig. 2. It can be seen that the influence of bubbles on the sensor
output signal is mainly reflected in the low frequency band, and
regardless of whether the sodium flow contains bubbles, the fre-
quency band of the flow signal is concentrated in a relatively nar-
row frequency band, such as the frequency band between the red
dotted lines in Figs. 1 and 2.

2.2. Signal processing method based on inverse Fourier transform to
calculate energy ratio

Due to the characteristics of the sensor output signal in the
Fig. 1. The amplitude spectrum of the sensor output signal when the gas injection flow
rate is 0 L/min.
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frequency domain, the frequency band where the flow signal is
located is almost not affected by bubbles, so extracting the flow
signal in the frequency domain can be closer to the actual flow
signal. The flow signal is extracted in the frequency domain by the
inverse Fourier transform method. The specific method of
extracting the flow signal is: convert the sensor output signal from
the time domain to the frequency domain, and only retain the
amplitude in the frequency band of the flow signal in the frequency
domain, then, the inverse Fourier transform is used to convert the
amplitude in the frequency domain to the time domain, and the
recovered time domain signal is the flow signal.

Assume that the sensor output signal is xð0Þ;xð1Þ;xð2Þ;…;xðN �
1Þ, where N is the number of points in the sensor output signal
sequence. A fast Fourier transform (FFT) algorithm is used to
convert the sensor output signal from the time domain to the fre-
quency domain.

XðkÞ¼
XN�1

n¼0

xðnÞe�j2pN kn; k ¼ 0;1;…;N � 1 (1)

where XðkÞ represents the frequency domain sequence.
A number m such that jXðmÞj( m ¼ 0;1;…;N=2� 1) is maximal

is found.
According to the frequency width Df of the flow signal in the

frequency domain, only values in the number interval [m�
a,mþ a] and the number interval [N� m� a, N� mþ a] of
XðkÞ( k ¼ 0;1;…;N� 1) is reserved, and the values in other number
intervals are all set to 0, where a is equal to the integer part of m

Nfs,
and fs is the sampling frequency of the sensor output signal. Denote
the modified frequency domain sequence as XmodðkÞ( k ¼ 0;1;…;

N� 1). In this way, only the amplitude within the frequency band
where the flow signal is located is retained in the frequency
domain.

Then the inverse Fourier transform of XmodðkÞ( k ¼ 0;1;…;N�
1) is calculated, and the frequency-domain sequence is converted
to the time-domain sequence to obtain the flow signal, which are
respectively recorded as x0ð0Þ;x0ð1Þ;x0ð2Þ;…;x0ðN � 1Þ,

The ER of the sensor output signal is
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ER¼
PN�1

n¼0 x
0ðnÞ2

PN�1
n¼0 xðnÞ2

(2)

The steps of the signal processing method for bubble detection
in sodium flow based on the inverse Fourier transform to calculate
the ER are:

(1) Starting from the first point in the collected sensor output
signal, 2,048 data points are continuously selected.

(2) According to the above calculation process, the ER corre-
sponding to the selected 2,048 point signal is calculated.

(3) Perform sliding update on the selected 2,048 data points.
Each time the data of 100 points is updated, that is, the first
100 points of the 2,048 data points are discarded, and 100
points of new data are added at the end to reconstruct 2,048
points, and the corresponding ER is calculated again.

(4) Repeat step (3) until all values of ER are calculated.
(5) Perform a moving average filter on all values of ER. Starting

from the first value of ER, 10 values of ER are selected
consecutively and sorted, and the middle 4 values of ER are
selected for averaging as the final result.

(6) Perform sliding update on the selected 10 values of ER. Each
time the value of ER is updated 1 point, the first of the 10
values of ER is discarded, and a new value of ER is added at
the end to reconstruct the 10 values of ER to calculate the
filter result.

(7) Repeat step (6) until all values of ER are updated.

3. Experimental data verification results

According to the above steps, the signals collected under
different sodium flow rates are processed, and the calculated values
of ER are drawn in the same figure, as shown in Fig. 3. In the figure,
QL represents the gas injection flow rate. It can be seen that the
values of ER of the sensor output signal calculated by the inverse
Fourier transform method are greater than 0.7 when the sodium
flow does not contain bubbles and are almost all less than 0.7 when
the gas is injected into the sodium flowat the flow rate of 0.8 L/min.
It can also be seen from Fig. 3 that when gas is injected into the
sodium pipe, the processing result of the sensor output signal
fluctuates significantly. This is because the density of hydrogen is
much lower than that of liquid sodium, so when hydrogen and
Fig. 3. The values of ER calculated by inverse Fourier transform.
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liquid sodium are in the same pipe, stratification will occur. The
vortex generator in the sensor is used to fully mix the hydrogen
bubbles and the liquid sodium. However, it cannot achieve uniform
mixing. As a result, the sensor output signal is sometimes greatly
affected by bubbles and sometimes less affected by bubbles.
Therefore, when the liquid sodium contains bubbles, the fluctua-
tion range of the processing results of the signal processing method
will be larger, which can also reflect the reliability of the signal
processing method when it is used to distinguish the sensor output
signal not affected by bubbles and the sensor output signal affected
by bubbles.

This shows that the values of ER of the sensor output signal
calculated based on the inverse Fourier transform method can
effectively identify the gas injection flow rate of 0.8 L/min, that is,
the leak rate of water in the steam generator can be detected as
0.1 g/s.

For comparison, the same set of data is processed according to
the steps of the signal processing method for detecting bubbles in
sodium flow based on the envelope to calculate ER given in Ref. [7],
and the calculated values of ER are also plotted in the same figure,
as shown in Fig. 4. It can be seen that when the sodium flow rate is
large, no matter whether the sodium flow contains bubbles, the
sensor output signal cannot be reliably distinguished according to
the ER, so the ER calculated according to the method given in
Ref. [7] cannot identify the situation when the gas injection flow
rate is 0.8 L/min.
4. Conclusion

From the perspective of frequency domain, it is found that the
influence of bubbles on the sensor output signal is mainly reflected
in the low frequency band, and the bubbles hardly affect the fre-
quency band where the flow signal is located. Therefore, the flow
signal is extracted in the frequency domain. A signal processing
method for bubble detection in sodium flow based on the inverse
Fourier transform to calculate the ER is proposed. The sensor output
signal is first converted from the time domain to the frequency
domain. In the frequency domain, only the amplitude within the
frequency band of the flow signal is retained, and then the inverse
Fourier transform is used to convert the amplitude in the frequency
domain to the time domain to obtain the flow signal. Using the
energy of the flow signal as the numerator and the energy of the
Fig. 4. The values of ER calculated by the envelope calculation.
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sensor output signal as the denominator, the ER of the sensor
output signal is calculated. The experimental data are used to verify
the signal processing method of bubble detection in sodium flow
based on the inverse Fourier transform to calculate the ER and the
signal processing method of bubble detection in sodium flow based
on envelope to calculate the ER, respectively. The verification re-
sults show that the signal processingmethod of bubble detection in
sodium flow based on envelope to calculate the ER can detect the
leak rate of water in the steam generator is 0.2 g/s and the signal
processingmethod of bubble detection in sodium flow based on the
inverse Fourier transform to calculate the ER can detect the leak
rate of water in the steam generator is 0.1 g/s.
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