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a b s t r a c t

In the sodium-cooled fast reactor, the steam generator is a heat exchange device between sodium and
water, which may cause leakage, resulting in a sodium-water reaction accident, which in turn affects the
safe operation of the entire nuclear reactor. To this end, the electromagnetic vortex flowmeter is used to
detect leakage of the steam generator and its signal processing method is studied in this paper. The
hydraulic experiment was carried out by using water instead of liquid sodium, and the sensor output
signal of the electromagnetic vortex flowmeter under different gas injection volumes was collected. The
bubble noise signal is reflected by the base line of the sensor output signal. According to the relationship
between the proportion of the bubble noise signal in the sensor output signal and the gas injection
volume, a signal processing method based on the energy ratio calculation is proposed to detect whether
the water contains bubbles. The gas injection experiment of liquid sodium was conducted to verify the
effectiveness of the signal processing method in the detection of bubbles in sodium, and the minimum
detectable leak rate of water in the steam generator was detected to be 0.2 g/s.
© 2020 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

Nuclear power energy has the advantages of high efficiency and
does not produce gaseous pollutants and greenhouse gases such as
sulfur dioxide, nitrogen oxides, particulate matter and carbon di-
oxide that affect air and climate, so it is valued and utilized bymore
and more countries. Fast reactor (short for fast-neutron reactor) is
the generation Ⅳ nuclear power technology product, which not
only has high utilization rate of uranium resources, but also pro-
duces small amount of nuclear waste. Liquid sodium is a commonly
used coolant in the fast reactor for carrying the heat released by the
nuclear reaction core from the inside to the outside and heats the
water to produce high-temperature and high-pressure steam,
which promotes the power generation of the steam turbine
generator set [1]. The place where the liquid sodium heats the
water is called the steam generator (abbreviated as SG), so the SG is
one of the important equipment in the fast reactor [2]. The SG is
mainly composed of a plurality of side-by-side metal heat transfer
tubes with a thickness of only a few millimeters [3,4]. The liquid
sodium is located outside the heat transfer tubes at a pressure of
by Elsevier Korea LLC. This is an
several standard atmospheric pressures, and the high-pressure
water/steam is located inside the heat transfer tubes and its pres-
sure is usually around 18 MPa. Long-term operation of the heat
transfer tubes under the harsh conditions of high temperature and
high pressure may cause cracks or damage, resulting in leakage of
the SG. When the SG leaks, the high-pressure water/steam in the
heat transfer tubes is sprayed to the high-temperature liquid so-
dium outside the heat transfer tubes, causing a severe sodium-
water reaction. The product of the sodium-water reaction is high-
ly corrosive, which will accelerate the leakage of the heat transfer
tubes [5,6]. The sodium-water reaction will cause a sharp rise in
temperature and pressure, which in turn will exacerbate the
sodium-water reaction. Such a vicious circle will cause serious se-
curity incidents. Therefore, it is necessary to detect in timewhether
the SG has leaked [7].

When the SG leaks, the sodium-water reaction produces
hydrogen, which causes the following phenomena to occur. 1)
Hydrogen slowly dissolves into the liquid sodium, increasing the
hydrogen concentration in the sodium. 2) When the hydrogen
bubble suddenly expands, it will stimulate the sound signal. 3)
Hydrogen bubbles will flow in the secondary circuit with liquid
sodium. The rate of hydrogen production is proportional to the
degree of SG leakage. This is because the greater the leakage degree
of SG, the greater the quality of water leakage per unit time (i.e. the
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leak rate of water), and vice versa, the smaller the leak rate of water.
Therefore, it is possible to reflect the leak of the SG by detecting the
leak rate of water in the SG.

Facing with various phenomena caused by SG leakage, some
researchers have proposed three kinds of techniques for detecting
SG leakage: hydrogen concentration of liquid sodium detection
technology [8e14], acoustic detection technology [15e20] and
electromagnetic detection technology, among which, the electro-
magnetic detection technology is further divided into an electro-
magnetic induction principle detection method [21e25] and a
vortex electromagnetic induction principle detection method
[26e30].

The hydrogen concentration of liquid sodium detection tech-
nology has the characteristics of very high sensitivity, but its
response time is long and it is not suitable to detect sudden large
leakage accidents.

The acoustic detection technology has the advantage of fast
response, however, it is greatly affected by surrounding noise, and
the actual use effect is far from the effect of laboratory research.
Currently, the technology can detect the leak rate of water in the SG
is 1 g/s [31e33]. The electromagnetic induction principle detection
method uses the Eddy Current Flowmeter (Abbreviated as ECFM) to
detect the void fraction in the metal for determining whether the
SG has leaked. M. Kumar et al. used an aluminum rod with a uni-
form groove shape on the surface for simulation experiments
[21e23]. Ranga Ramakrishna et al. made the ECFM into a probe and
placed it into a liquid metal sodium [24]. Raphael Guichou et al.
studied the analytical model of the perturbation of the magnetic
field by one insulating spherical bead [25]. Since liquid sodium is
very different from gas in density, it is difficult to evenly distribute.
Therefore, we believe that the reliability of using the ECFM to detect
SG leakage remains to be verified.

The vortex electromagnetic induction principle detection
method uses an electromagnetic vortex flowmeter (Abbreviated as
EVFM) to detect whether there are bubbles (the form of gas is
bubbles) in the liquid sodium to determine whether the SG has
leaked. The EVFM is installed on a by-pass pipe of the main pipe of
the secondary circuit. The by-pass pipe is located directly above the
main pipe of the secondary circuit, so it is also called overflow pipe.
The diameter of the overflow pipe is much smaller than the
diameter of the main pipe. This pipe structure can ensure low
pressure loss and make the gas more easily enter the overflow pipe
under the action of gravity. Especially when the amount of gas is
small in the early stage of SG leakage, it can be considered that all
the hydrogen generated by the sodium-water reaction flows
through the EVFM sensor because the hydrogen dissolved in the
liquid sodium in a short time is negligible compared with the
hydrogen flowing in the form of bubbles. When the gas in the liquid
sodium reaches a certain level, it will affect the sensor output signal
of the EVFM. When the flow rate of sodium varies within a certain
range, we refer to the leak rate of water that can be reliably
detected as the minimum leak amount of the SG. Compared with
the hydrogen concentration detection technology and the acoustic
detection technology, it is not affected by surrounding noise, has a
fast response speed and high sensitivity.

In Refs. [26,27], the EVFM was used to measure the flow rate of
liquid metal, but there was no mention of detecting bubbles in a
liquid metal fluid.

In Ref. [28], a signal processing method based on correlation
coefficient calculationwas used to detect the leakage of the SG from
the perspective of time domain, that is, comparing the similarity
between two adjacent full-cycle signals in the sensor output signal
of the EVFM to find whether there was a distortion signal caused by
the bubble. This method has a good effect when the liquid sodium
flow rate is relatively stable, but the period of the sensor output
signal of the EVFM changes when the sodium flow rate is changing,
resulting in different periods and amplitudes of the adjacent two
full-cycle signals, and misjudgment may occur.

In Ref. [29], a signal processing method based on signal-to-noise
ratio calculation was used to detect the leakage of SG from the
perspective of frequency domain, that is, finding the noise signal
caused by bubbles and flow signal determined by sodium flow rate
in the frequency domain, respectively, and calculating the signal-
to-noise ratio. It is judged whether the SG has leaked by the
magnitude of the signal-to-noise ratio, and the method has a good
effect when the sodium flow rate is at a specific value. However, the
amplitude of the flow signal is related to the sodium flow rate. In
the case where the SG does not leak, the difference in signal-to-
noise ratio at different sodium flow rates will be large. Therefore,
when the sodium flow rate varies within a certain range, it is
difficult to judge whether the SG has leaked using a uniform
threshold using a signal processing method based on signal-to-
noise ratio calculation.

In Ref. [30], a signal processing method based on the peak-to-
peak standard deviation was used to detect the leakage of SG
from the perspective of time domain, that is, it was judged whether
or not the liquid sodium contain bubbles according to the standard
deviation of the peak-to-peak value of the sensor output signal.
This method detects leak rate of water in the SG as low as 0.1 g/s.
However, the calculated result of this method is related to the
amplitude of the sensor output signal, and the magnetic field
strength generated by the permanent magnet directly affects the
amplitude of the sensor output signal. Especially under high tem-
perature and high irradiation conditions, the magnetic field
strength generated by the permanent magnet will decrease with
time [34], which may cause the alarm threshold to be adjusted
accordingly.

To this end, this paper further studies the signal processing
method for detecting SG leakage using EVFM. The simulation
experiment is carried out using water instead of liquid sodium, that
is, continuously inject gas into the flowing water to simulate the
airflow of hydrogen produced by sodium-water reaction into the
liquid sodium when the SG leaks, and collect the sensor output
signal under different water flow rates and different gas injection
volumes. Thus, the sensor output signal of the EVFM at the time
when the gas is mixed into the conductive liquid is obtained, and
the characteristics of the signal are analyzed. A signal processing
method based on the energy ratio calculation is proposed to detect
whether the flowing water contains bubbles. According to the same
characteristics of the working principle, the signal processing
method of bubble detection inwater is used for bubble detection in
sodium, and verification experiments are carried out.

2. Hydraulic experiments

A scheme using water instead of liquid sodium for simulating
experiment is called “hydraulic experiment”. Through the hydraulic
experiment, the characteristics of the sensor output signal of the
EVFM at the time when the gas is mixed into the conductive liquid
are studied. In the study of acoustic detection technology, the
method of injecting inert gas into liquid sodium is used to simulate
the state of SG leakage in order to carry out experiments. Unlike the
acoustic detection technology, which detects the sound signal
emitted by the sodium-water reaction, the vortex electromagnetic
induction principle detection method is to detect whether liquid
sodium contains bubbles. Therefore, it is more suitable to use the
gas injection method to simulate the state of the SG when it leaks.
However, the temperature of liquid sodium is as high as several
hundred degrees Celsius, and the chemical properties are very
lively, and these factors result in very complicated experimental



Fig. 2. Data acquisition program flow chart.
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equipment and high experimental cost. It is not easy to conduct an
experiment. Therefore, we first conduct a “hydraulic experiment”.
The signal processing method for bubble detection in water is
studied. According to the same characteristics of the working
principle, the bubble detection signal processingmethod inwater is
used to detect whether there is bubble in liquid sodium, and the gas
injection experiment in liquid sodium is performed to verify the
signal processing method proposed by using water. This speeds up
the research process.

In order to carry out the hydraulic experiment, an EVFM sensor
that can measure water flow is designed, and an EVFM transmitter
based on a DSP chip is developed to form a complete EVFM for
collecting experimental data and implementing signal processing
methods. An experimental setup consists of a water circuit system,
a gas injection setup and a data acquisition system, which is the
same as Fig. 2 in Ref. [30].

2.1. Electromagnetic vortex flowmeter

The EVFM consists of two parts: the sensor and the transmitter.
The measured medium should be the conductive liquid. The sensor
converts the state information of the flowing conductive liquid
(including the information of flow rate and whether the conductive
liquid contains gas) into an electrical signal. The transmitter con-
ditions and processes the electrical signal to obtain the flow rate
and information about whether or not the gas is contained.

2.1.1. Sensor for measuring water flow
The EVFM sensor for measuring water flow mainly consists of a

vortex generator, two saddle coils, the lining, two electrodes and
pipe part, and its structure is shown in Fig. 1. The schematic is cut
along a plane perpendicular to the axis of the vortex generator and
parallel to the plane that the two electrodes in, wherein the di-
rection of the constant magnetic field points vertically inward to-
ward the cut plane. The vortex generator adopts a trapezoidal
cylinder structure, which is located outside the constant magnetic
field and is at upstream of the magnetic field, and the specific size
parameters are the same as Fig. 1 in Ref. [30]. Two saddle coils are
connected in series to form an excitation coil, wherein each saddle
Fig. 1. Schematic diagram of the sensor str
coil has 970 turns and an inductance of 290 mH. The excitation coil
is applied a constant current to produce a constant magnetic field.
The lining prevents the induced electromotive force signal from
being short-circuited by the flow tube made of stainless steel. The
two electrodes are a reference electrode and a working electrode
and cooperate to collect a potential signal generated when the
flowing vortices interact with the constant magnetic field. The
reference electrode is located outside the constant magnetic field at
upstream of the vortex generator, and its center is 34.3 mm away
from the upstream surface of the vortex generator. The working
electrode is located in the constantmagnetic field at downstream of
the vortex generator, and its center is 12 mm away from the
backflow surface of the vortex generator. The axis of the two
electrodes, the direction of the conductive liquid flow and the di-
rection of the constant magnetic field are perpendicular to each
other; the axis of the vortex generator is parallel to the direction of
the constant magnetic field.
ucture of EVFM for measuring water.



Table 1
Different water flow rates and different gas injection volumes in the experiments.

Water flow rate (m3/h) Gas injection volume (L/min)

3.5 0.0 0.3 0.5 1.0 2.0 3.0
4.5 0.0 0.3 0.5 1.0 2.0 3.0
5.5 0.0 0.3 0.5 1.0 2.0 3.0
6.7 0.0 0.3 0.5 1.0 2.0 3.0
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2.1.2. Transmitter
The EVFM transmitter is mainly composed of a signal condi-

tioning acquisition module and a digital signal processing and
control module, and its system diagram is the same as Fig. 13 in
Ref. [28]. The signal conditioning acquisition module adopts a
multi-stage amplification andmulti-stage filtering circuit structure.
It can suppress the influence of polarization noise caused by water
and high-frequency noise, and effectively extracts a weak induced
potential signal related to the information of the fluid state. The
digital signal processing and control module mainly consists of the
DSP chip, an external expansion SARAM (short for static RAM), a
ferroelectric Nonvolatile RAM (referred to as “ferroelectric”), a
power failure detection, a human-machine interface circuit, a
RS485 circuit, a pulse output circuit and a 4e20 mA current output
circuit and so on.

In the signal conditioning acquisition module, the cut-off fre-
quency of the high-pass filter circuit is set to 1 Hz so as to attenuate
the polarization noise introduced by the DC excitation as much as
possible while retaining the useful signal. The first-stage AC
amplifying circuit amplifies the signal outputted by the high-pass
filter circuit. The eighth-order low-pass filter circuit attenuates
the high-frequency noise in the output signal of the first-stage AC
amplifying circuit, and effectively retains the AC signal. The second-
stage AC amplifying circuit further amplifies the signal outputted
by the eighth-order low-pass filter circuit. The De-DC circuit
removes the DC signal component in the output signal of the
second-stage AC amplifying circuit, and only retains the AC signal.

2.2. Experimental setup

2.2.1. Water circuit system
The water circuit system is mainly composed of a water pump,

ball valves, an EVFM sensor, a pressure gauge, an electromagnetic
flowmeter, a surge tank, a water tank and pipe parts. The water
pump provides power for circulating water in the circuit. The ball
valve V2 is used to adjust the flow rate in the pipe, and the ball valve
V1 controls whether the pipe in which the pipe is located is
diverted. The EVFM sensor converts the state information of the
flowing conductive liquid into an electrical signal, and is installed
on the horizontal pipe, the vortex generator is in the vertical di-
rection, and the electrodes are in the horizontal plane. The straight-
pipe length before the EVFM sensor exceeds 3 m. The pressure
gauge is used to read the pressure value in the water circuit system.
The electromagnetic flowmeter is made by Toshiba with an accu-
racy rating of ±0.5% for reading the real-time water flow rate in the
water circuit. The surge tank acts to maintain the pressure in the
water circuit. The water in the water tank is pumped out by the
water pump, and then returned to the water tank after passing
through the ball valves, the EVFM sensor, pressure gauge, the
electromagnetic flowmeter and surge tank. The pressure in the pipe
at about 1.5 m downstream of the EVFM sensor is 0.26 MPa.

2.2.2. Gas injection setup
The gas injection setup includes a high pressure argon gas cyl-

inder, a gas mass flow controller, a digital flow totalizer, an indus-
trial gas regulator, a check valve, and gas injection tube. Since the
chemical nature of sodium is very active, an inert gas of argon is
injected to simulate the hydrogen produced by the sodium-water
reaction. The A-2H industrial gas regulator manufactured by Bei-
jing Aerotech Co., Ltd., adopts advanced double pressure decom-
pression method. Its maximum inlet pressure is 15 MPa and the
maximum outlet pressure is 1.6 MPa. This gas pressure regulator
controls the injection pressure, which is 0.5 MPa when injects. The
D07-19B gas mass flow controller is used to precisely measure and
control the mass flow of gas. Its full-scale measurement error is less
than ±1%, the nonlinearity error is less than ±0.5%, the repeatability
error is less than ±0.2%, and the response time is less than or equal
to 2 s. The D08-8C digital flow totalizer displays instantaneous flow
rate and cumulative flow volume. D07-19B gasmass flow controller
and D08-8C digital flow totalizer used to adjust the gas injection
volume are all manufactured by Beijing Qixing Huachuang Flow-
meter Co., Ltd., and simulate the actual leak rate of water in the SG.
One end of the check valve is connected to the water circuit pipe,
and the other end is connected to the gas injection tube to prevent
water from flowing into the gas injection tube. The gas injection
tube is used to connect the air outlet on the mass flow controller
and the check valve, and the distance of the gas injection port A
from the vortex generator is 426 mm.

2.2.3. Data acquisition system
The data acquisition system includes an EVFM transmitter, an

RS485 adapter, and a laptop computer. The EVFM sensor is con-
nected to the EVFM transmitter through the electrode lead wire,
and its output signal is amplified, filtered and converted into a
digital signal by the transmitter, and then uploaded to the laptop
computer through the RS485 adapter for data storage. The sam-
pling rate of the data acquisition system is set to 1 kHz.

The data acquisition program is programmed on the DSP-based
EVFM transmitter to realize the data acquisition experiments. The
program flow chart is shown in Fig. 2. The working process of the
data acquisition program is: initializing DSP system; stopping the
watchdog so as to debug program (when the program debugging is
completed, the watchdog will be started); initializing the GPIOs to
be used; initializing the interrupt vector table; initializing and
configuring the peripherals (A/D sampling circuit and RS485 cir-
cuit); enabling the global interrupt and the interrupt used by the A/
D sampling circuit.

If the samplingof theA/D sampling circuit is completed, theRS485
program is called to read the converted data of the A/D sampling
circuit into theDSPandupload it to theupper computer. And then the
programwaits for the interrupt signal of the A/D sampling circuit.

2.3. Experimental process

A linear power supply of model KEITHLEY 231A-30-3 was used
to supply approximately 670 mA of current to the excitation coils of
the EVFM sensor. The electrodes of the sensor were connected to
the data acquisition system. The gas injection setup was connected
to the gas injection port A. The sensor output signal was collected
for 60 s at different water flow rates and different gas injection
volumes. The working conditions of different water flow rates and
different gas injection volumes in the data acquisition experiments
are shown in Table .1.

3. Method research for bubble detection in water flow

According to the data collected in the hydraulic experiment, the
sensor output signal of the EVFM under the condition of water
containing bubbles is compared with that under the condition of
water without bubbles so as to study the signal processing method
for detecting bubble in water flow.
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3.1. Signal characteristics

In order to observe the influence of the bubbles mixed into the
conductive liquid on the sensor output signal of the EVFM, the sensor
output signal at a water flow rate of 4.5 m3/h is taken as an example.
The 2s length of signal is randomly selected from the collected data
under each gas injection volume and drawn in the same picture, as
shown by the blue curve in Fig. 3, where QL represents the gas in-
jection volume. It can be seen that when thewater does not contains
bubbles, the sensoroutput signal of theEVFM isavortex signal,which
is approximatelya sinusoidalwaveform, andwhen thewatercontains
bubbles, the sensor output signal is distorted and the range of
amplitude variation is significantly increased. It is because that the
presence of bubbles affects the formation of vortices, while EVFM
picks up the signals generated by the vortex cutting magnetic field
based on electromagnetic method, so the bubbles can cause distor-
tion of the sensor output signal. When the water flow rate remains
constant, the range of the amplitude variation of the sensor output
signal is positively correlated with the gas injection volume.

If the average of the upper envelope and the lower envelope of
the sensor output signal is taken as the base line, then when the
water contains bubbles, the bubbles will obviously affect the base
line of the sensor output signal, and themore the bubbles, the more
significant the effect, as shown by the red curve in Fig. 3.
Fig. 3. Sensor output signal at a water flow rate of 4.5 m3/h and the corresponding
base line.
3.2. Signal processing method research

According to the above analysis, the base line of the sensor
output signal is significantly affected by the gas injection volume.
When the water flow rate remains the same, the larger the gas
injection volume, the larger the base line amplitude of the sensor
output signal. Therefore, the base line in the sensor output signal
is considered to be a signal affected by the bubbles, which is
defined as the bubble noise signal. For the sensor output signal
when the conductive liquid contains bubbles, if the base line is
removed, the remained signal is almost the same as the sensor
output signal when the conductive liquid does not contain bub-
bles, as shown in Fig. 4. In the figure, the red curve is the sensor
output signal when the water flow rate is 4.5 m3/h and the gas
injection volume is 0.3L/min, and the black curve is the remained
signal after the base line removed from the red curve. The blue
curve is sensor output signal when the water flow rate is 4.5 m3/
h and the gas injection volume is 0 L/min.

According to the above analysis results, it can be considered that
the sensor output signal is mainly composed of the flow signal and
the bubble noise signal, wherein the frequency and amplitude of
the flow signal are determined by the flow rate of the conductive
liquid flowing through the sensor, and the flow signal varies in a
time-response curve that is symmetry in value. However, the
amplitude of the bubble noise signal is positively related to the gas
injection volume when the water flow rate remains constant. For
this characteristic of the sensor output signal of the EVFM, a signal
processing method based on energy ratio calculation is proposed.

If the sensor output signal of the EVFM is sðtÞ, the flow signal is
represented as qðtÞ, and the bubble noise signal is represented as
bðtÞ, then

sðtÞ¼ qðtÞ þ bðtÞ (1)

The energy ratio (abbreviated as ER) of the sensor output signal
during the time range from t1 to t2 is defined as
Fig. 4. Comparison of the remained signal after base line removed and the sensor
output signal.
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ER¼

ðt2
t1
ðqðtÞÞ2dt

ðt2
t1
ðsðtÞÞ2dt

¼

ðt2
t1
ðqðtÞÞ2dt

ðt2
t1
ðqðtÞ þ bðtÞÞ2dt

(2)

According to the calculation formula of the ER of the sensor
output signal, when the flowing water does not contain bubbles,
the bubble noise signal bðtÞ is very small, which is approximately
negligible with respect to the flow signal. At this time, the ER of the
sensor output signal is approximately 1. However, when the flow-
ing water contains bubbles, the bubble noise signal bðtÞ cannot be
ignored, and the larger the gas injection volume, the larger the
amplitude of the bubble noise signal, and the ER is less than 1. It can
be seen that the ER of the sensor output signal can be calculated to
reflect whether the flowing water contains bubbles. This is the
principle of determining whether or not bubbles are contained in
water using the signal processing method based on ER calculation.

The key to calculating ER of the sensor output signal is to
calculate the bubble noise signal, which is equal to the average of
the upper envelope and the lower envelope of the sensor output
signal. Therefore, the upper envelope and the lower envelope of the
sensor output signal need be calculated firstly. The upper envelope
of the sensor output signal is obtained by cubic spline interpolation
on the maximum values of the sensor output signal. Similarly, the
lower envelope of the sensor output signal is obtained by cubic
spline interpolation on the minimum values. The maximum value
of the sensor output signal is the peak of the signal, and the min-
imum value is the valley of the signal. Then the sensor output
signal, the maximum values, the minimum values, upper envelope
and lower envelope are drawn in the same figure as shown in Fig. 5.

The calculation of the upper envelope is taken as an example to
illustrate the process of calculating the envelope. Assume that the
sensor output signal is in the range [a, b], and the maximum values
of the signal are y1y2, …yn, respectively, and the corresponding
abscissas are x1x2,…xn, then a¼x1≪x2 …<xn¼b. If the function SðxÞ
satisfies SðxiÞ ¼ yiði¼ 1;2; …; nÞ, and in each interval
[xi, xiþ1]ði¼ 1;2;…;n � 1Þ, the function SðxÞ is not higher than three
times and has a second-order continuous derivative on [a, b], then
SðxÞ is called a cubic spline interpolation function.

Suppose the expression of SðxÞ on each subinterval [xi, xiþ1] is
Fig. 5. Sensor output signal with the maximum values, the minimum values, upper
envelope and lower envelope.
SðxiÞ¼ aix
3 þ bix

2 þ cixþ diði¼1;2;…;n�1Þ (3)

For each expression on the subinterval, there are four co-
efficients ai;bi;ci,di to be determined, and equations (4)e(7) are to
be established.

SðxiÞ¼ yi; ði¼ 1;2;…;nÞ (4)

Sðxi �0Þ¼ Sðxi þ0Þ; ði¼2;3;…;n�1Þ (5)

S0ðxi �0Þ¼ S0ðxi þ0Þ; ði¼2;3;…;n�1Þ (6)

S00ðxi �0Þ¼ S00ðxi þ0Þ; ði¼2;3;…;n�1Þ (7)

Equation (4) ~ (7) have nþ3(n-2)¼ 4ne6 formulas, so only 4ne6
coefficients can be solved, and the number of coefficients actually
needed to be calculated is 4(n-1). Therefore, to uniquely determine
the cubic interpolation function, two conditions are added, called
boundary conditions. The boundary conditions used in this calcu-
lation are: the first derivative value at a given endpoint,
S0ðx1Þ ¼ y10,S0ðxnÞ ¼ yn 0. In this way, 4(n-1) coefficients can be
solved according to 4(n-1) equations, and a cubic spline interpo-
lation function SðxÞ is obtained, which is the upper envelope of the
sensor output signal. The lower envelope of the sensor output
signal can also be calculated. See the appendix for specific
derivations.

The upper envelope calculated by the cubic spline interpolation
method is denoted as UðtÞ, and the lower envelope is denoted as
DðtÞ, then the bubble noise signal b(t) is calculated as

bðtÞ¼UðtÞ þ DðtÞ
2

(8)

The ER result of the sensor output signal is calculated according
to Eq. (2).
3.3. Offline processing results

According to the above idea based on ER calculation, the
collected data in the hydraulic experiment is processed offline us-
ing MATLAB programming. The offline processing steps are as
follows.

(1) For the sensor output signal to be processed, the maximum
values and the minimum values of the signal are obtained
first, and the upper envelope of the signal is calculated by
performing cubic spline interpolation on the maximum
values. Similarly, the lower envelope of the signal is calcu-
lated. The base line of the signal, i.e. the bubble noise signal
curve, is calculated using the upper envelope and lower en-
velope of the signal.

(2) The bubble noise signal is removed from the sensor output
signal to obtain the flow signal curve.

(3) A time period of 2 s is set as a calculation period, the energy
value of the sensor output signal is calculated in a calculation
period, the energy value of the flow signal is calculated in the
same calculation period, and the energy value of the flow
signal is divided by the energy value of the sensor output
signal to obtain the ER of the sensor output signal.

(4) For the data in a calculation cycle, the data is updated by
updating the data of 0.5s each time, that is, the first 0.5s of
data in one calculation cycle is discarded, and the new data of
0.5s is added at the end, and the ER of the output signal of the
sensor is calculated again.
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(5) A moving average filtering is performed on the calculated ER
signal. Each time 10 results of energy ratios are selected, the
selected results are sorted, and the middle 4 results are
selected for averaging as the final result output. As the
calculation progresses, the latest 10 energy ratio results are
selected each time to perform a moving average filtering
operation.

According to the offline processing steps described above, the
offline processing results of the sensor output signal collected in
the hydraulic experiments under different water flow rates are
shown in Fig. 6. In the figure, the abscissa indicates time and the
ordinate indicates the calculated ER. It can be seen that when the
water flow does not contain bubbles, the ER of the sensor output
signal is above 0.9, and when the water flow contains bubbles, the
ER of the sensor output signal is below 0.8, which means that the
signal processing method based on the ER calculation can effec-
tively determine whether the water flow contains bubbles.

In the real-time calculation, it needs to select a time window.
However, there is no guarantee that the values at both ends of the
time window are just the maximum values or the minimum values
of the signal to be processed. Therefore, fluctuations may occur
during cubic spline interpolation, which affects the calculation of
bubble noise signals. For this reason, after obtaining the bubble
noise curve, it needs to discard the signal equal to the length of the
two signal periods at both ends of the obtained bubble noise curve.
Correspondingly, the two ends of the sensor output signal obtained
by the time window are also discarded equal to two signal periods,
so that the bubble noise curve is completely caused by the bubble.
4. Verification experiments for liquid sodium

We simulate the state of the SG leakage by injecting gas into the
flowing liquid sodium, and collect the sensor output signal under
Fig. 6. Offline processing results of the sensor output signal under
different sodium flow rates and different gas injection volumes to
verify whether the bubble detection algorithm proposed using
water in this paper is equally applicable to bubble detection in
liquid sodium. The experimental setup used for the liquid sodium
experiment is the same as Fig. 9 in Ref. [30]. The gas injection port
and the EVFM sensor are located in the same straight pipe section,
and the distance between them is about 3 m.
4.1. Sensor for measuring liquid sodium

The EVFM sensor for measuring liquid sodium is mainly
composed of a flow tube, a permanent magnet, a vortex generator
and two electrodes, and its schematic diagram is the same as Fig. 10
in Ref. [30]. It was developed by Chongqing Chuanyi Automation
Co., Ltd., in Chongqing city, China.

The schematic is cut along a plane perpendicular to the axis of
the vortex generator and parallel to the plane the two electrodes in,
wherein the direction of the magnetic field points vertically inward
toward the cut plane. The flow tube is made of stainless steel.
Permanent magnet is made of AlNiCo 450 and can withstand high
temperatures of 600 �C, which produces a constant magnetic field
through the liquid sodium line. The vortex generator adopts a
trapezoidal cylindrical structure, which is located outside the
constant magnetic field and is at upstream of the magnetic field.
The electrodes are directly welded on the flow tube and consist of a
reference electrode and a working electrode. The reference elec-
trode is located outside the magnetic field, and the distance from
the upstream surface of the vortex generator is 31 mm. The
working electrode is located in the magnetic field, and the distance
from the backflow surface of the vortex generator is 46 mm.
4.2. Data collection

The leak rate of water in the SG we are trying to detect is 0.2 g/s.
different water flow rates and different gas injection volumes.
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Its corresponding gas injection volume is calculated. When the
water leakage quality per unit time is 0.2 g, according to the
sodium-water reaction equation: Na þ H2O ¼ NaOHþ 1

2H2, the
mass of hydrogen generated by sodium-water reaction per second
is

mH2
¼0:2

18
¼ 0:0111g

At standard temperature and pressure
(T0¼273.15 K,P0 ¼ 0.1 MPa), the hydrogen gas density
r0 ¼ 0.0899 g/L, so the volume of hydrogen gas generated is

V0 ¼
mH2

r0
¼ 0:1235L

The ambient temperature T1 of the gas injection setup is
303.15 K, and the injection pressure P1 indicated by the pressure
gauge is 0.5 Mpa. According to the ideal gas equation PV ¼ nRT (P is
the pressure of the ideal gas; V is the ideal gas volume; n is the
amount of gas material; R is the ideal gas constant; T is the ther-
modynamic temperature of the gas), the volume of hydrogen
generated per second in the liquid sodium pipeline converted into
the gas injection volume per second of the gas injection setup is

V1 ¼
P0V0T1
P1T0

¼ 0:0274L

In the data collection experiments, for the sensor with the
diameter of DN40, three sodium flow rates were selected for the gas
injection experiment. The three sodium flow rates were 3.1 m3/h,
4.7 m3/h and 5.7 m3/h, respectively. At each flow point, the sensor
output signals were collected for 200 s when the gas injection
volume was 0 L/min (i.e. no gas injection) and the gas injection
volume was 1.6 L/min, respectively. The sampling rate was 1 kHz.

4.3. Signal processing method verification

The collected sensor output signal is processed by a signal
processing method based on ER calculation, and the processing
results are shown in Fig. 7.

It can be seen that when the liquid sodium does not contain
bubbles, the ER of the sensor output signal is greater than 0.8, and
when the liquid sodium contains bubbles (gas injection volume is
Fig. 7. Processing results of sodium flow signal using signal processing methods based
on ER calculation.
1.6 L/min), the ER of the sensor output signal is less than 0.8.
Therefore, 0.8 can be regarded as the threshold value, and the

result obtained by the signal processing is compared with the
threshold value, and the minimum leak rate of water in the SG can
be judged to be 0.2 g/s according to the relationship between the
result and the threshold value.

4.4. Comparisons of signal processing methods

In this paper, the sensor output signal is considered to be
composed of flow signal and bubble noise signal. From the
perspective of signal composition, a signal processing method
based on ER calculation is proposed. Compared with previous
research results, it can overcome the impact of amplitude changes.
The authors have previously studied the signal processing method
based on signal-to-noise ratio correlation, correlation coefficient
calculation and peak-to-peak standard deviation correlation. In the
process of research, it is found that the above three signal pro-
cessing methods are more affected by amplitude. To this end, the
four signal processing methods of the study are compared.

The sensor output signals collected at liquid sodium flow rates
of 1.7 m3/h and 5.7 m3/h are processed offline using the four signal
processing methods studied, respectively, and the offline process-
ing results are drawn. The offline processing results of the signal
processing method based on the signal-to-noise ratio are shown in
Fig. 8, in which the abscissa represents time and the ordinate
represents signal-to-noise ratio (Abbreviated as SNR). The offline
processing results of the signal processing method based on the
correlation coefficient calculation are as shown in Fig. 9, in which
the abscissa represents time and the ordinate represents correla-
tion coefficient (Abbreviated as CC). The offline processing results of
the signal processing method based on the based on the peak-to-
peak standard deviation calculation are as shown in Fig. 10, in
which the abscissa represents time and the ordinate represents
standard deviation (Abbreviated as STD). The offline processing
results of the signal processing method based on the ER calculation
are shown in Fig. 11, in which the abscissa represents time and the
ordinate represents ER. In the above figures, QL indicates the vol-
ume of gas injection.

The comparisons show that for the signal processing method
based on signal-to-noise ratio calculation, when the liquid sodium
flow rate is 5.7 m3/h, the method based on signal-to-noise ratio
calculation can effectively identify whether the liquid sodium
contains a certain amount of bubbles, but when the liquid sodium
flow rate is reduced to 1.7 m3/h, the effect of the method based on
signal-to-noise ratio calculation is obviously significantly
deteriorated.

For the signal processing method based on the correlation co-
efficient calculation, when the liquid sodium flow rate is 5.7 m3/h,
the correlation coefficient calculated by the method ranges from
0.931 to 0.998, and when the liquid sodium flow rate is 1.7 m3/h,
the correlation coefficient calculated by this method ranges from
0.568 to 0.947. If the liquid sodium flow rate is further reduced, the
minimum value of the correlation coefficient obtained will
continue to decrease, which is not conducive to the setting of the
threshold.

For the signal processing method based on the peak-to-peak
standard deviation calculation, when the liquid sodium flow rates
are 5.7 m3/h and 1.7 m3/h, respectively, the method can effectively
judge whether the liquid sodium flow contains a certain amount of
bubbles, however, if the magnetic field strength changes, it will
directly affect the peak-to-peak standard deviation. For example, if
the sensor output signal is amplified by a factor of two, the peak-to-
peak standard deviation value will also increase by a factor of two.

For the signal processing method based on the ER calculation,



Fig. 8. Offline processing results of signal processing method based on signal-to-noise ratio calculation.

Fig. 9. Offline processing results of signal processing method based on correlation coefficient calculation.
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when the liquid sodium flow rates are 5.7 m3/h and 1.7 m3/h,
respectively, and no bubbles are present, the calculated results of
the method are close to 1. If the sensor output signal is amplified by
two times, there is no influence on the calculated result of the
method. It can be seen that the signal processing method proposed
in this paper can overcome the influence of the amplitude change.
5. Conclusions

(1) In the research of the detection of the leakage problem of the
SG, the liquid sodium is required for the experiment, but the
liquid sodium is chemically active and dangerous. According
to the same characteristics of the working principle, the



Fig. 10. Offline processing results of signal processing method based on peak-to-peak standard deviation calculation.

Fig. 11. Offline processing results of signal processing method based on energy ratio.
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hydraulic experiments were carried out by using water
instead of liquid sodium, and the sensor output signals under
different water flow rates and different gas injection volumes
were collected. Thereby, the sensor output signal of the
EVFM after the gas was mixed into the conductive liquid was
obtained. Comparing the characteristics of the sensor output
signal when the water does contain bubbles and the sensor
output signal when the water contains bubbles, the
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viewpoint of the base line of the sensor output signal is
proposed, and the base line of the sensor output signal is
defined as the bubble noise signal.

(2) The sensor output signal of the EVFM is considered to be
composed of the flow signal and the bubble noise signal. The
proportion of the bubble noise signal in the sensor output
signal is positively correlatedwith the gas content. Therefore,
a signal processing method based on the ER calculation is
proposed to determine whether the water contains bubbles.
The signal collected by the hydraulic experiment is processed
offline by the signal processing method based on ER calcu-
lation. The results show that the ER of the sensor output
signal under the pure water is greater than 0.9, and the ER of
the sensor output signal is less than 0.8 when the gas in-
jection volume is 0.3L/min. It can be seen that the method
can effectively determine whether the water contains
bubbles.

(3) The gas injection experiments of liquid sodium were carried
out, and the sensor output signals under different sodium
flow rates without gas injection and minimum gas injection
volume were collected to verify the effectiveness of the
signal processing method based on hydraulic experimental
data for bubble detection in sodium. The experimental re-
sults show that the method can detect whether the liquid
sodium contains bubbles, and the minimum detectable leak
rate of water in the SG can be detected as 0.2 g/s.

(4) Four kinds of signal processing methods are compared, and
results show that the signal processing method based on ER
calculation proposed in this paper can overcome the influ-
ence of the amplitude variation. This also indicates that the
proposed signal processing method is more advantageous
when the magnetic field strength changes.
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Appendix

SðxÞis a cubic polynomial over ½xi，xi�ði¼ 1;2;…;n � 1Þ, and its
second order is derivable, then S00ðxÞ is a polynomial at ½xi，xiþ1�.
Assume that we know the values at the two ends of
½xi，xiþ1�ði¼ 1;2;…;n�1Þ of S00ðxÞ, S00ðxiÞ ¼ MiS00ðxiþ1Þ ¼ Miþ1,
thenS00ðxÞ ¼ xiþ1�x

hi
Mi þ x�xi

hi
Miþ1, where hi ¼ xiþ1 � xi, integrates

S00ðxÞ twice, and obtains an SðxÞ expression with two arbitrary
constants Aiand Bi. Integrates S00ðxÞ twice to obtain SðxÞ, thenSðxÞ ¼
ðxiþ1�xÞ3

6hi
Mi þ ðx�xiÞ3

6hi
Miþ1 þ Aixi þ Bi,hi ¼ xiþ1 � xiði¼ 1;2;…;n � 1Þ.

According to the interpolation condition
ðxiþ1 � xiÞ3
6hi

Mi þAixi þ Bi ¼ yi (9)

ðxiþ1 � xiÞ3
6hi

Miþ1 þAixiþ1 þ Bi ¼ yiþ1 (10)

From equations (9) and (10), we obtain Miþ1�Mi
6 h2i þ Aihi ¼ yiþ1 �

yi, then Ai ¼ yiþ1�yi
hi

� Miþ1�Mi
6 hi. Substituting Ai into (10)

Bi ¼ yiþ1 � Miþ1
6 h2i �

�
yiþ1�yi

hi
�Miþ1�Mi

6 hi

�
xiþ1 ,then,

AixþBi ¼
�
yiþ1 � yi

hi
�Miþ1 �Mi

6
hi

�
xþ yiþ1 �

Miþ1
6

h2i

�
�
yiþ1 � yi

hi
�Miþ1 �Mi

6
hi

�
xiþ1

¼
�
yi �

Mi

6
h2i

�
xiþ1 � x

hi
þ
�
Miþ1
6

h2i � yiþ1

�
xi � x
hi

(11)

So,

SðxÞ¼ ðxiþ1 � xÞ3
6hi

Mi þ
ðx� xiÞ3

6hi
Miþ1 þ

�
yi �

Mi

6
h2i

�
xiþ1 � x

hi

þ
�
yiþ1 �

Miþ1
6

h2i

�
x� xi
hi

(12)

Find a derivative for SðxÞ,

S
0 ðxÞ¼ � ðxiþ1 � xÞ2

2hi
Mi þ

ðx� xiÞ2
2hi

Miþ1 þ
yiþ1 � yi

hi

þMiþ1 �Mi

6
hi (13)

SðxÞ has different expressions in the interval
½xi�1，xi�，½xi，xiþ1�ði¼ 2;3;…;n � 1Þ, but SðxÞ needs to be equal in
xi left derivative and right derivative to ensure continuity at the

node, so, S
0
iðxi � 0Þ ¼ S

0
iðxi þ0Þ, and S

0
iðxi �

0Þ ¼ hi�1
6 Mi�1 þ yi�yi�1

hi�1
þ hi�1

3 MiS
0
iþ1ðxi þ0Þ ¼ � hi

3Mi þ yiþ1�yi
hi

� hi
6Miþ1,

then

�hi
3
Mi þ

yiþ1 � yi
hi

� hi
6
Miþ1 ¼ hi�1

6
Mi�1 þ

yi � yi�1
hi�1

þ hi�1
3

Mi

It can be sorted out to obtain

hi�1
hi�1 þ hi

Mi�1 þ2Mi þ
hi

hi�1 þ hi
Miþ1 ¼6

�
yiþ1 � yi

hi
� yi � yi�1

hi�1

�

1
hi�1 þ hi
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Let mi ¼ hi�1
hi�1þhi

,di ¼ 6
�
yiþ1�yi

hi
� yi�yi�1

hi�1

�
1

hi�1þhi
,then miMi þ 2Miþ

ð1 � miÞMiþ1 ¼ di ði¼ 2;3; …; n � 1Þ。Bring the boundary con-
dition S0ðx1Þ ¼ y01, S

0ðxnÞ ¼ y0n into S0ðxÞ to obtian

2M1 þa1M2 ¼ b1

gnMn� þ2Mn ¼ bn (15)

Whereina1 ¼ 1gn ¼ 1b1 ¼ 6
h1

�
y2�y1
h1

� y1

�
,bn ¼ 6

h1

�
yn � yn�yn�1

hn�1

�
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Write the equations in the form of a matrix,

2
6664

2 1
g1 2 a1

…

gn�1 2 an�1
gn 2

3
7775

2
6664

M1
M2
…

Mn�1
Mn

3
7775¼

2
6664

b1
d2
…

dn�1
bn

3
7775 (16)

The coefficient matrix of the equations is a triangular matrix and
the diagonal is dominant, so there is a unique solution. The function
obtained on [a, b], that is, the envelope curve, can be constructed by
taking the obtained solution into the expression of SðxÞ.
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