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a b s t r a c t

Permanent magnet sodium flowmeter (PMSF) have been used to measure the sodium flow in fast
breeder reactors. Due to the effects of irradiation, thermal cycling, time lapse, etc., the magnetic flux
density of the PMSF will decrease after being used in the reactor for a period of time. Therefore, it must
be calibrated regularly. But some flowmeters that immersed in sodium cannot be removed for an off-line
calibration, so the on-line calibration is required. However, the best online calibration accuracy of PMSF
using cross-correlation analysis method was 2.0-level without considering the repeatability. In order to
further improve this work, the operational principle of the transducer in PMSF is analyzed and the design
principle of the transducer is proposed. The transducers were tested on the sodium flow loop to collect
the experimental data. The signal characteristics are analyzed from the time and frequency domains,
respectively. The cross-correlation analysis method based on biased estimation is adopted to obtain the
flow rate. The verification experimental results showed that the measurement accuracy is 1.0-level when
the flow velocity is above 0.5 m/s, and the measurement accuracy is 3.0-level when the flow velocity is in
the range of 0.2 m/s to 0.5 m/s.
© 2019 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

Fast breeder reactor is one of the fastest growing nuclear re-
actors with the characteristics such as high uranium resource uti-
lization rate and low emission of radioactive waste. In fast breeder
reactors with sodium as a coolant, the sodium flow rate must be
accurately monitored to ensure safe operation of the reactors. PMSF
has been widely used to measure the sodium flow in fast breeder
reactors. However, due to the effects of irradiation, thermal cycling,
time lapse, etc., the magnetic flux density of the PMSF will decrease
after being used in the reactor for a period of time, which affects the
measurement accuracy of the flowmeter. Therefore, it must be
calibrated regularly. Considering that some sodium flowmeters
need to be completely immersed in sodium and the sodium oper-
ating environment requires full closure, an off-line calibration is
almost impossible. So the on-line calibration is required.

The cross-correlation analysis method has been used for on-line
calibration of PMSFs, because it measures the flow rate without
tomation Engineering, Hefei

by Elsevier Korea LLC. This is an
being affected by environmental factors such as irradiation, ther-
mal cycling, and time lapse. In Ref. [1], two flow turbulence signals
were processed by the transfer function method to obtain the
cross-correlation function, thus obtaining the propagation time.
The flow rate can be calculated with the distance between the two
pairs of electrodes and the inner diameter of the pipe. But the flow
measurement error of this method was about 10% in the flow ve-
locity range of 2e10 m/s. The accuracy of the flow measurement
was poor, because the hardware technology at that time was
limited: the signal was collected by a tape recorder and the signal
was processed by a hardware correlator and a 1024-point analyzer.
In addition, there was no corrections for the cross-correlation
analysis results. In Ref. [2], the relationship between flow velocity
distribution and signal fluctuation frequency was studied, and a
propagation velocity correction method based on fluid dynamics
was proposed. The flow rate calculated by the correlationmethod is
corrected by the correction coefficient, which is obtained from the
coherence function of the two voltage fluctuation signals. The
experimental results showed that the measurement error does not
exceed ±2%with the velocity range of 2e5m/s. In Ref. [3], aiming at
the PMSF with the diameter of 150 mm, the position of the elec-
trode, the distance between the two pairs of electrodes, and the
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Fig. 1. Schematic diagram of the transducer structure.

Fig. 2. Without bluff body in the pipe.
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influence of different filter band on the calibration result are dis-
cussed. The conclusions were that in the velocity range of 1e5 m/s,
the measurement error was the smallest, no more than ±4%, with
the electrode was fixed in the 45� direction, the distance between
the electrodes was 150 mm, and the filter band was 15e20Hz. In
Ref. [4], a lot of experiments were carried out with PMSF in Sodium
Water Reaction Test Facility (Set-1), Steam Generator Test Facility
(Set-2) and Fast Breeder Test Reactor (Set-3) at Indira Gandhi
Centre for Atomic Research, India. For flowmeters with pipe di-
ameters of 40 mm, 100 mm and 200 mm, the flow velocities range
with in 0.84e2.79 m/s, 0.91e3.71 m/s, and 0.75e1.59 m/s, respec-
tively. The labVIEW software was used to calculate the cross-
correlation function of the fluctuation signals of two induced
electromotive forces to obtain the propagation time and the cor-
relation flow rate Qc. The experimental results showed that the
deviation between the correlation flow rate and the standard flow
rate is within ±5.5%.

In the above researches, there is no bluff body in the PMSF, and
the signals for cross-correlation analysis are fluctuant induced
electromotive force signals. The studies are only for a diameter of
100 mm or more and a flow velocity of 1 m/s or more without
considering smaller calibers and lower flow velocities.

In Ref. [5], a sodium flow measurement system based on cor-
relation method was designed with LabVIEW. There was a bluff
body in the PMSF with an outer diameter of 48 mm. A pair of
electrodes were located on both sides of a magnetic steel to collect
one signal for cross-correlation analysis. In the flow velocity range
of 0.3e2.1 m/s, the maximum relative error of the cross-correlation
method reached 7%. The design of the PMSF with embedded bluff
body in Ref. [5] was not mentioned and themeasurement error was
large.

In order to further improve the work of on-line calibration, in
this paper, the PMSF with embedded bluff body is studied. The
working principle of the transducer is analyzed and the design
principle of the transducer is proposed. The experimental setup
was built up, and the transducers with the diameter of 65 mm and
40 mm were tested on the sodium flow loop to collect the experi-
mental data. The signal characteristics are analyzed from time
domain and frequency domain, respectively. The cross-correlation
analysis method based on biased estimation is adopted to process
the experimental data for obtaining the flow rate calculation rela-
tionship which was verified by verification experiments. All the
jobs in this paper lay a foundation for the online calibration of
PMSF.

2. Transducer analysis

2.1. Structure and composition

The transducer of PMSF with embedded bluff body is mainly
composed of a pipeline, a bluff body and two sets of magnetic
systems. The structure schematic diagram is shown in Fig. 1.
Fig. 1(a) is a front view, and Fig. 1(b) is a left view. The pipe is
placed horizontally along the y-axis. The bluff body embedded in
the inner wall of the pipe is in the shape of a half-moon, and the
material is stainless steel. It is used to generate vortices. The dis-
tance between the upstream magnetic system and the bluff body
is L1 and the distance between two sets of magnetic systems with
the same structure is L. Each set of magnetic systems includes a
pair of magnetic steels and two pairs of electrodes. The magnetic
steel is made of AlNiCo permanent magnet alloy and is placed on
the front and rear sides of the pipe to form a magnetic field along
the x-axis. In the upstreammagnetic system, the electrode 1 and 2
called transverse electrodes are respectively on the left and right
sides of the magnetic steel in front of the pipeline, for picking up
the first flow fluctuation signal generated by the sodium fluid
vortex cutting magnetic field line. The electrode 3 and 4 called
vertical electrodes along the z-axis are respectively fixed directly
above and below the pipe, for picking up the induced electro-
motive force signal generated by the sodium fluid cutting mag-
netic field line. In the downstream magnetic system, the second
flow fluctuation signal is collected by the electrode 5 and 6, and
the induced electromotive force signal can be collected by the
electrode 7 and 8.
2.2. Working principle

The signal generation mechanism of the two sets of magnetic
systems is the same. Therefore, one magnetic system is taken for an
explanation.

If there is no bluff body upstream of the magnetic system, the
direction of sodium fluid velocity v

. parallels to the y-axis and the
magnitude is gradually decreases as away from the axis of the pipe.
In this case, there is no signal on the transverse electrodes, and only
the induced electromotive force signal E can be picked up on the
vertical electrodes as shown in Fig. 2.

If a bluff body is installed upstream of the magnetic system, the
vortices will be generated downstream of the bluff body. These



Fig. 3. With bluff body in the pipe. (a) Vortex enter the magnetic field. (b) Vortex leave the magnetic field.

Fig. 4. Biased estimation of approximate periodic signals.
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vortices will diffuse and eventually disappear when they move
downstream along with the sodium fluid. Assuming that the
distance between the upstream magnetic system and the bluff
body is relatively close, the complete vortex will enter the mag-
netic field. According to the right-hand rule, when the sodium
fluid velocity has a component þvz in the positive direction of the
z-axis, an electromotive force in the direction shown in Fig. 3(a) is
generated on the transverse electrodes. If the left electrode is
taken as positive when the signal is acquired, the amplitude of the
signal gradually increases as the vortex enters the magnetic field.
When half of the vortex enters the magnetic field, the þvz
component of the vortex in the magnetic field reaches its
maximum, and the amplitude of the signal of the transverse
electrodes reaches its maximum.

As the vortex continues to enter the magnetic field, the velocity
component �vz in the negative direction of the z-axis gradually
increases, which causes the effect of þvz to be partially offset,
resulting in a gradual decrease in the amplitude of the signal. When
the vortex is at the center of the magnetic field, the signal of the
transverse electrodes is zero. As part of the vortex leaves the
magnetic field, the �vz plays a dominant role, so that the positive
and negative directions of the signal are reversed, as shown in
Fig. 3(b). When half of the vortex leaves the magnetic field, the
signal amplitude becomes minimum. It then increases gradually
until the vortex completely leaves the magnetic field, and one
motion cycle ends. If vortices enter and leave the magnetic field
continuously, the flow fluctuation signal which is similar to sine
wave can be collected from the transverse electrodes.

In practical applications, when performing cross-correlation
analysis on two signals from the transducer with approximate
periodicity, a biased estimation method should be adopted to
improve the anti-interference performance of the algorithm. How-
ever, in this case, the propagation time between the two sets of
magnetic systems should be smaller than the period of the flow
fluctuation signal. Since the cross-correlation function has the same
periodicity as the output signal of the transducer, and the peak
values of each cycle are attenuated as the absolute value of the ab-
scissa increases [6], which is shown in Fig. 4. If the propagation time
is greater than the period of the signal, the function value corre-
sponding to the propagation time will be attenuated, so that the
correct propagation time cannot be obtained by identifying the peak
point of the function. Therefore, in the transducer design, the time-
spacematching relationship among thepropagation time t, theflow
fluctuation signal period T and the distance L (between the two sets
of magnetic systems) should be considered to ensure that the
flowmeter satisfies the following formulas over the entire range:

tminz
L

vmax
< Tmin (1)
tmaxz
L

vmin
< Tmax (2)

where vmax and vmin correspond to the upper and lower limits of the
flow velocity measured by the flowmeter; Tmin and Tmax are the
periods of the flow fluctuation signal at the maximum and mini-
mum flow rates, respectively; tmin and tmax are the propagation
times obtained by cross-correlation analysis of the maximum and
minimum flow velocities.

As various factors are mutual restraint, such as the size and the
shape of bluff body, the frequency of vortex generation, the flow
measurement range, the propagation time t, and the distance L and
so on, even if one of the conditions changes, a lot of experimental
work is needed to adjust the transducer design. Therefore, the two
sets of magnetic systems are placed far away from the bluff body so
that the vortex has diffuse as it reaches the magnetic system. But
the disturbance of the fluid caused by the bluff body still exists. As
long as the fluid has the velocity component along the z-axis, the
flow fluctuation signals can be picked up from the transverse
electrodes. Unlike the approximate periodic signal when the
vortices pass the magnetic field, the collected flow fluctuation
signals are the disturbed fluid noise, thereby the design complexity
caused by the periodicity of the signal can be avoided.

The pattern of fluid disturbance is transmitted from the up-
stream magnetic system to the downstream magnetic system. As
long as two flow fluctuation signals are collected, the cross-
correlation function of the two signals can be calculated. The ab-
scissa corresponding to the peak point of the function is the
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propagation time t. With the distance L is known, the speed vc can
be calculated:

vc ¼ L
t

(3)

where the vc is called correlation velocity. For the fluid flowing in a
circular pipe, the average velocity of the section vcp is defined as:

vcp ¼ Q
A

(4)

where Q is the volume flow rate; A is the cross-sectional area of the
pipe. In general, the relationship between the correlation velocity
and the average velocity of the section is:

vcp ¼Kvc ¼ K
L
t

(5)

where K is the correction factor. Its value is related to the velocity
profile of the measured fluid in the cross section of the pipe, the
detection mechanism of the flow fluctuation signal, and the shape
and size of the bluff body [7]. Therefore, the calculation formula of
the flow rate Q can be obtained as follows:

Q ¼K*A
L
t

(6)

Referring to the situation that general electromagnetic flow-
meters remove the flow rate zero point when calculating the meter
coefficient, the flow rate calculation formula is corrected as follows:

Q ¼K*A
L
t
þ b (7)

where b is the correction factor. Both K and b can be obtained
experimentally.
2.3. Design principles

In a PMSF with embedded bluff body, the bluff body is used to
cause disturbance to the fluid for cross correlation analysis.
Therefore, the half-moon shaped body is designed to generate a
lower frequency vortex. The lower vortex frequency contributes to
the full development of the vortex, so that the size and intensity of
vortex would be larger, and the disturbance to the fluid would be
stronger. This helps maintain the correlation of upstream and
downstream signals. A trapezoidal bluff body is often used in vortex
flowmeters to generate a stable and long-lasting vortex, and the
vortex frequency can reflect the flow rate. For example, in the case
of a pipe diameter of 65 mm and a flow velocity of 2 m/s, the vortex
frequency of trapezoidal bluff body is about 28 Hz, while only 9 Hz
for the half-moon bluff body. In order to ensure that the transducer
output signal of the PMSF with embedded bluff body meets the
requirements of cross-correlation analysis, and the measurement
accuracy is improved as much as possible, two design principles of
the transducer are proposed. Subsequent experimental results will
verify the correctness of these two principles.

(1) The distance L1 between the upstream magnetic system and
the bluff body should be far enough to ensure that the
transducer output signal is not periodic, thus avoiding the
complexity of the transducer design caused by signal peri-
odicity. However, as L1 increases, the disturbance caused by
the bluff body would gradually stabilize, resulting in weaken
of the output signal of the transducer, which is not conducive
to cross-correlation analysis. Therefore, the selection of L1
must take the periodicity and strength of the signal into
account.

(2) The larger the distance L between the two sets of magnetic
systems, the smaller the relative error introduced by L and
the propagation time t. However, the larger L is, the worse
the correlation between the two signals is, resulting in a
larger measurement error of the propagation time. In
Refs. [7,8], it is pointed out that the optimum range of L
should be 1/2 to 2 times the diameter of the pipe when
measuring the flow rate by the cross-correlationmethod, but
this is for the case that there is no bluff body in the pipe.
When the bluff body is installed upstream of the magnetic
system, the fluid is strongly disturbed, and the correlation
between the two signals is also enhanced. Therefore, the
value of L can be larger.
2.4. Characteristics of the flowmeters

The structure and working principle of the PMSF with
embedded bluff body are different, compared with the electro-
magnetic vortex flowmeter, the low Reynolds number vortex
flowmeter and the PMSF based on the cross-correlation method.

A kind of electromagnetic vortex flowmeter that can be used to
measure sodium flow was described in Ref. [9]. There was a pair of
permanent magnets downstream of the trapezoidal bluff body, and
the magnetic field direction was perpendicular to the vortex rota-
tion axis. The coil was winded beside the permanent magnet to
output a signal. As the sodium fluid vortices passes through the
magnetic field, a secondary magnetic field parallel to the direction
of the flow velocity is generated, and the vortices with opposite
rotation direction alternately enter the magnetic field region, a
secondary magnetic field of opposite direction is generated. Ac-
cording to the principle of electromagnetic induction, a periodically
changing magnetic field would generate a periodically varying
induced electromotive force signal in the output coil. The frequency
of the signal is the same as the frequency of the vortex, so that the
sodium rate can be obtained.

A vortex flowmeter that can be used to measure the flow of low
Reynolds number was described in Ref. [10]. The flowmeter also
used a trapezoidal bluff body, and two piezoelectric sensors were
distributed downstream of the bluff body. The first one was
installed at the best position where the vortex shedding frequency
can be identified. When the Reynolds number of the fluid is high,
the output signal of the first piezoelectric sensor is used to obtain
the vortex shedding frequency, thereby obtaining the flow rate.
When the low Reynolds number fluid is measured, the cross-
correlation analysis is performed on the output signals of the two
piezoelectric sensors to obtain the propagation time. Since the
distance between the two sensors is known, the flow rate can be
obtained.

The PMSF with embedded bluff body described in this paper has
a half-moon shaped bluff body upstream of the pipeline. The pur-
pose of installing the bluff body is the same as that of the vortex
flowmeter, in order to generate vortices. In principle, the vortex
flowmeter needs to determine the flow rate according to the vortex
shedding frequency, but the sodium flowmeter developed in this
paper should avoid detecting the frequency of the vortex. The
disturbance to the fluid caused by the bluff body is only necessary
for performing cross-correlation analysis to obtain the flow rate.
Therefore, the distance L1 between the upstream magnetic system
and the bluff body is larger. Different from Refs. [1e4], which
perform cross-correlation analysis with the fluctuation of the
electromotive force signal induced by the upper and lower elec-
trodes, the flow fluctuation signal collecting electrodes in this



Table 1
Comparison of structure and principle of different flowmeters.

Type of flowmeter Shape of bluff
body

Vortex
frequency

Vortex
intensity

Measurement principle Distance between magnetic
systems

Electromagnetic vortex flowmeter Trapezoid High Weak Karman vortex street None
Vortex flowmeter of low Reynolds

number
Trapezoid High Weak Karman vortex street and Cross-correlation Short

Traditional PMSF None None None Electromagnetic induction and Cross-correlation Short
PMSF with embedded bluff body Half-moon Low Strong Vortex、Electromagnetic induction and Cross-

correlation
Long
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paper are installed on both sides of the same magnetic steel, which
are called transverse electrodes. The flow fluctuation signals
collected by the transverse electrodes are entirely caused by the
existence of fluid fluctuations, and the bluff body makes the fluid
fluctuations stronger. Therefore, the distance L between the two
sets of magnetic systems can be selected to a larger value, and the
two signals remain correlated, so that themeasurement error of the
flow rate caused by the relative errors of L and t is reduced. The
experimental results show that the measurement accuracy and
lower limit of the sodium flowmeter described in this paper are
superior. A comparison table of the structure and principle of
several flowmeters is shown in Table 1.

3. Experiments

The calibration experiments of the PMSF with embedded bluff
body were conducted on the sodium flow loop calibration experi-
mental setup, to verify the rationality of the transducer design and
to study the appropriate signal processing method.

3.1. Experimental setup

The sodium flow loop calibration experimental setup is mainly
composed of a sodium circulation loop and a data acquisition sys-
tem, as shown in Fig. 5.

The sodium circulation loop mainly consists of a sodium storage
tank, a mechanical sodium pump, a sodium buffer tank, a calibra-
tion tank, two different diameter transducers of PMSF with
embedded bluff body, a cold trap, a blower, an argon gas cylinder,
and multiple valves and pipes. The sodium storage tank is used to
store the sodium in the loop. The mechanical sodium pump powers
Fig. 5. Schematic diagram of sodium flow
sodium to flow throughout the whole loop. The sodium buffer tank
is mainly used to maintain the pressure of sodium in the loop. The
calibration tank provides the standard flow rate during the cali-
bration process by the volumetric method and the uncertainty of
the device is 0.5%. The blower delivers cold air to the cold trap to
cool down the sodium vapor in the loop and re-liquefies it into the
sodium to prevent the sodium vapor from clogging the argon valve.
Argon gas cylinder supplies argon gas to protect the active sodium
in the loop [11]. Two transducers of PMSF with embedded bluff
body are manufactured by Chongqing Chuanyi Automation Co., Ltd.
in China. The nominal diameter of the transducers are 65 mm and
40 mm, respectively (referred to as DN65 and DN40). The structure
of the two transducers is shown in Fig. 1. For the transducer of
DN65, L1 ¼ 422.5 mm, L ¼ 325 mm, the height of the bluff body is
29.3 mm; for DN40, L1 ¼ 447 mm,L ¼ 325 mm, the height of the
bluff body is 18.5 mm. The transducer has been completely wrap-
ped by the heater to simulate the working environment of the
flowmeter at high temperature.

The sodium is drawn out of the sodium storage tank by the
mechanical sodium pump, and passes through the cold trap to the
calibration section. The calibration section is divided into two
branches and the nominal diameter of the pipeline are 65 mm and
40 mm respectively. There is a transducer with corresponding
diameter on each branch. The sodium flows through the calibration
section and enters the calibration tank. When the calibration pro-
cess is finished, the sodium in the calibration tank is discharged,
and finally returns to the sodium storage tank through the buffer
tank and the mechanical sodium pump.

The data acquisition system consists of a signal conditioning
circuit, an NI data acquisition card, and a laptop to achieve a higher
sampling frequency and higher measurement accuracy. The signal
loop calibration experimental setup.



Fig. 6. Time domain waveform of signal.
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conditioning circuit is divided into two identical parts, and the two
signals are processed separately. Each part includes a differential op
amp (operational amplifier), two low-offset voltage op amps, an
eighth-order low-pass switched-capacitor filter, and a de-dc circuit.
The total gain of the three op amps is 220 which matches the
microvolt level signal to the input range of the data acquisition card
±5 V. The cutoff frequency of the low-pass filter is set to 33 Hz for
anti-aliasing and filtering the noise outside of the signal band.
National Instruments' data acquisition card USB-6216 was adopted
with 16 analog input ports and 2 analog output ports. The
maximum sampling rate of a single channel can reach 400 kHz. In
this paper, two signals are acquired at the same time, and the
sampling frequency is set to 10 kHz. The two flow fluctuation sig-
nals output by the transducer are connected to the signal condi-
tioning circuit. After being amplified and low-pass filtered, the two
signals are connected to the analog input port of the data acquisi-
tion card. The data then are uploaded to the laptop through the USB
interface and the data are saved by the laptop.
3.2. Experimental procedure

Two transducers of different diameter were calibrated at a so-
dium temperature of 250 �C. For the DN40 transducer, five flow
points of 10 m3/h, 8 m3/h, 5 m3/h, 2.5 m3/h and 1 m3/h were
selected to calibrate 3 times at each point, and the corresponding
flow velocity range is 2.3e0.22 m/s. For the DN65 transducer, four
flow points of 11 m3/h, 8 m3/h, 5 m3/h and 2.5 m3/h were selected
to calibrate 3 times at each point, and the corresponding flow ve-
locity range is 0.92e0.21m/s. The specific experimental steps are as
follows:

(1) The experimental devices such as the mechanical sodium
pump were started to circulate sodium in the loop.

(2) The data acquisition systemwas connected to the transducer
waiting for the signal collection.

(3) The pump speed was adjusted so that the flow rate in the
pipe stabilizes at the selected flow point.

(4) The sodium flowing through the calibration section was
injected into the calibration tank, at the same time, two flow
fluctuation signals were collected by the data acquisition
system and the signal length was 100s.

(5) When the volume of sodium in the calibration tank reaches
the preset value, the standard flow rate was obtained
according to the volume of sodium in the tank and the cali-
bration time, and the experimental data was recorded.

(6) The steps (4) and (5) were repeated to complete 3 times
calibration at this flow point.

(7) The steps (4) ~ (6) were repeated when the flow rate stabi-
lizes at the next flow point.
3.3. Data analysis

Taking a set of signal of the DN40 transducer at the flow rate of
10.463 m3/h as an example, the time domainwaveform is shown in
Fig. 6. Since the vortex has diffused when it enters the magnetic
field, the flow fluctuation signal does not have periodicity. As the
disturbance would gradually towards stable, the strength of up-
stream signal is significantly stronger than that of the downstream
signal. These characteristics of signals are consistent with the
analysis results of the transducer.

In order to verify the rationality of the transducer design, the
DN40 transducer is taken as an example to analyze the flow fluc-
tuation signal collected at different flow rates from the frequency
domain. The formula for calculating the amplitude spectrum is:

AðkÞ ¼ 2*XðkÞ
N

(8)

where X(k) are the FFT results of the time series x(k), N is the length
of the sequence x(k) and is also the number of points of the FFT. In
this paper, N is chosen to be 40,000, that is, the sequence length is
4 s, and the frequency resolution of the amplitude spectrum is
0.25Hz. The data length of each set is 100 s, which can be divided
into 25 segments. The 25 amplitude spectra are accumulated and
averaged as the final amplitude spectrum of the data.

The amplitude spectra of the flow fluctuation signal at different
flow rates are shown in Fig. 7. The amplitude spectra show that the
signal frequency is distributed in the low frequency band, and the
strength and bandwidth of the signal decrease as the flow rate
decreases, which correspond to the analysis of the working prin-
ciple of the transducer. In order to further clarify the relationship
between the flow rate and the signal frequency, it is necessary to
determine the bandwidth corresponding to each flow rate. In the
signal amplitude spectrum with a flow rate of zero as shown in
Fig. 7(f), the amplitude of the noise is about 0.1mv.Therefore, the
portion of the amplitude spectrum below 0.1 mv is considered to be
noise in the signal. The frequency bands of the upstream and
downstream signals are substantially identical, while the ampli-
tude of the downstream signal is smaller than the upstream signal,
resulting in a greater influence of noise on the downstream signal
at the same flow rate. Therefore, the downstream signal amplitude
is cut off to 0.1mv as the frequency band of the flow fluctuation
signal. According to Fig. 7, the frequency bands of signals corre-
sponding to the flow velocities from large to small are 0e40Hz,
0e30.5Hz, 0e19.5Hz, 0e9.75Hz and 0e4.5Hz, respectively. The
flow velocities are linearly fitted to the corresponding band widths,
and the fitting result is shown in Fig. 8. The error sum of square
(SSE) of the fitting result is 0.0019, and the R-square is 0.9993,
indicating that the bandwidth is proportional to the flow velocity in
the range given in this paper. This is similar to a vortex flowmeter
where the vortex frequency is proportional to the flow ratewithin a
certain flow rate range.

Therefore, it can be reasonably inferred that although the vortex
has diffused without fixed frequency, when the fluid passes
through the two sets of magnetic systems, its disturbance to the
fluid retains some characteristics of the vortex, resulting in a pro-
portional relationship between the frequency band of the signal



Fig. 7. Amplitude spectra of signal. (a) Flow velocity 2.3 m/s. (b) Flow velocity 1.8 m/s.
(c) Flow velocity 1.11 m/s. (d) Flow velocity 0.57 m/s. (e) Flow velocity 0.27 m/s. (f)
Flow velocity 0 m/s.

Fig. 8. Linear fitting result.
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and the flow rate. According to this characteristic of signal the
cutoff frequency of the hardware filter should be higher than the
frequency band of the signal at the maximum flow rate. Consid-
ering that the low-pass filter cannot remove the low-frequency
noise coupling with the signal and the signal-to-noise ratio gets
worse at a small flow rate, the cutoff frequency of the software low
pass filter should be as low as possible to remove the other low
frequency noise interference that does not overlap the signal fre-
quency band.

4. Signal processing

According to the characteristics that the flow fluctuation signal
does not have periodicity but the cross-correlation analysis would
show the boundary effect, the cross-correlation results of the
biased and unbiased estimations are compared, and the cross-
correlation analysis with biased estimation is selected. In the spe-
cific implementation process, different measures are taken for the
signal processing at different flow rates, in order to achieve better
measurement results.

4.1. Signal processing method

The flow fluctuation signal described in this paper belongs to a
power signal, and the definition of the cross-correlation function
for the power signal is:

RxyðtÞ ¼ lim
T/∞

1
T

ðT=2
�T=2

xðtÞyðt� tÞdt (9)

where the time length T of the two signals x(t) and y(t) should tend
to infinity. However, in practical applications, the original contin-
uous signal must be cut off before the signal analysis can be per-
formed, which will result in a boundary effect at the truncate
position. This may affect the results of cross-correlation analysis, so
the influence of boundary effects should be reduced [12,13].

There are two estimation methods for the cross-correlation
function in practical calculation: biased estimation and unbiased
estimation. Their formulas are:

RabðmÞ¼ 1
N

XN�1�jmj

n¼0

xaðnÞxbðnþmÞ; m

¼ �ðN� 1Þ;�ðN� 2Þ; $$$;0; $$$;N� 2;N� 1 (10)

RabðmÞ¼ 1
N� jmj

XN�1�jmj

n¼0

xaðnÞxbðnþmÞ;m

¼ �ðN� 1Þ;�ðN� 2Þ; $$$;0; $$$;N� 2;N� 1 (11)

where the xa(n) and xb(n) are discrete sequences, N is the number
of cross-correlation points and m is the abscissa of the cross-
correlation function. In Eq. (11), with the decrease of the cross-
correlation calculation data amount, the denominator N-jmj re-
duces synchronously, so the unbiased estimation does not atten-
uate the cross-correlation function value. In the biased estimation,
as the jmj increases, the amount of data for cross-correlation
calculation decreases, and the denominator N remains un-
changed, so the amplitude of the cross-correlation function is
attenuated, and the larger the jmj, the greater the attenuation.
Therefore, the biased estimation method can suppress the influ-
ence of the boundary effect in the cross-correlation analysis.

In the unbiased estimation result shown in Fig. 9(a), a wrong
peak appears at the boundary of the cross-correlation function.
Thus, the biased estimation method is chosen to conduct cross-
correlation analysis on the flow fluctuation signals. In the biased
estimation result shown in Fig. 9 (b), the peak corresponding to the
propagation time is much larger than the other function values,
instead of the oscillation attenuation process as shown in Fig. 4,



Fig. 9. Cross-correlation function. (a) Unbiased estimation. (b) Biased estimation.

Fig. 10. Signal processing flow chart.
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which also indicates that the flow fluctuation signal has no peri-
odicity at all.

According to the preliminary data analysis results, the specific
process of the algorithm implementation mainly includes the
following four steps.

(1) The specific value of each parameter is set up, that is, the
initialization process.

(2) The data is pre-processed, mainly including data segmenta-
tion and low-pass filtering.

(3) The cross-correlation function of the data is calculated to
obtain the propagation time.

(4) The average of multiple results is obtained as the final pro-
cessing result of the data.

The specific signal processing flow chart is shown in Fig. 10,
where Fc is the cutoff frequency of the low-pass filter; N is the
number of cross-correlation points. When processing 100 s,
1000,000 points of data, N points of data are sequentially inter-
cepted from front to back to calculate the cross-correlation func-
tion. M is the number of points that move backwards each time the
data are intercepted; n is the maximum number of cross-
correlation calculations for 100 s data, and calculated according
to Eq. (12).

n¼
�
1000;000� N

M

�
þ 1 (12)

where P:R represents rounding down.
The key parameters in the algorithm are changed to obtain

better measurement results. The specific reasons and measures are
as follows:

When the flow velocity is above 0.5 m/s, the signal strength and
correlation are better. Taking both of the system response time and
the calculation accuracy of propagation time into consideration, the
number N of cross-correlation point is set to 32,768, the data
movement point number M is set to 2,000, the cutoff frequency Fc
of software filtering is set to 40 Hz, and the number n is 484. Taking
the case of a flow velocity of 2.3 m/s as an example, the value of the
propagation time t is about 127 ms. After software filtering, the
time domain waveform is shown in Fig. 11. Compared with Fig. 6,
after filtering high frequency noise above 40 Hz, the signal is
smoother. The calculation result of the cross-correlation function is
shown in Fig. 12, and the correct propagation time can be obtained
based on the result of the cross-correlation function.

When the flow velocity is in the range of 0.2e0.5 m/s, the signal



Fig. 11. Time domain waveform at a flow velocity of 2.3 m/s.

Fig. 12. Cross-correlation function at a flow velocity of 2.3 m/s.

Fig. 13. Time domain waveform at a flow velocity of 0.27 m/s.

Fig. 14. Cross-correlation function at a flow velocity of 0.27 m/s-without modifying
parameters.
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amplitude decreases, the frequency band narrows, but the noise
amplitude does not decrease. Therefore, the signal-to-noise ratio
becomes lower and the correlation between signals becomes
worse. Taking the case of a flow velocity of 0.27 m/s as an example,
the actual measured t is about 908 ms, and the time domain
waveform after software filtering is shown in Fig. 13. If the above
key parameters are kept unchanged, the calculation results of the
cross-correlation function are shown in Fig. 14. It can be found that
the correct propagation time cannot be obtained by identifying the
peak point. Therefore, the number N is changed to 65,536, so that
when calculating the cross-correlation function, the signal contains
more useful information, which helps to get the correct propaga-
tion time. M is changed to 4,000, n is changed to 234, and the cutoff
frequency Fc is changed to 6 Hz, which can effectively suppress the
interference of noise. After modifying the parameters, the calcula-
tion result of the cross-correlation function is shown in Fig. 15, and
the correct propagation time is obtained.
4.2. Data processing results

The algorithm in 4.1 is used to process the output signals of the



Fig. 15. Cross-correlation function at a flow velocity of 0.27 m/s-with modified
parameters.
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two transducers. A propagation time can be calculated from each
set of data. Since each flow point is calibrated 3 times, three
propagation time can be obtained. The average value t of the three
propagation times is substituted in Eq. (13) to calculate the corre-
lation flow rate Qc.

Qc¼ L
t
*
pd2

4
(13)

The standard flow rate Qr is obtained by the volumetric method,
and the least squares method is used to fit Qr and Qc to obtain their
relationship.

Q ¼ k � Qcþ b (14)

where Q is the corrected correlation flow rate, and k and b are
correction coefficients. According to the verification regulations of
the electromagnetic flowmeter and vortex flowmeter of the Peo-
ple's Republic of China, the repeatability of the flowmeter shall not
exceed 1/3 of the absolute value of the maximum allowable error
specified by the corresponding accuracy level. Repeatability is
expressed in terms of the relative standard deviation of the prop-
agation time, calculated as:
Table 2
Calibration experimental results of DN40 transducer.

Standard flow rate Qr (m3/h) Standard flow velocity v (m/s) Correlation flow rate

10.475 2.32 11.568

8.095 1.79 9.098

5.025 1.11 5.795

2.615 0.58 3.140

1.223 0.27 1.618
RSD¼1
t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
1ðtn � tÞ2
N� 1

s
*100% (15)

where N is the length of the sequence tn, and t is the average of the
sequence. The data processing results for the calibration experi-
ments of the DN40 and DN65 transducers are shown in Table 2 and
Table 3.

According to the data processing results of Tables 2 and 3, the
correlation flow rate correction relationship of the DN40 trans-
ducer is:

Q ¼0:9279�Qc� 0:3073 (16)

The correlation flow rate correction relationship of the DN65
transducer is:

Q ¼0:9529�Qc� 0:3237 (17)

It appears from Tables 2 and 3 that: the maximum value of the
repeatability error is 0.1791% < 0.3%when the flow velocity is above
0.5 m/s, so the measurement error is considered to be within ±1%;
when the flow velocity is in the range of 0.2 m/s~0.5 m/s, the
maximum value of the repeatability error is 0.8536% < 1%, so the
measurement error is considered to be within ±3%.
4.3. Verification experiments

In order to verify that the measurement accuracy of Q is
consistent with the conclusions in 4.2, the experiments were per-
formed on the same sodium flow loop. The experimental process
and conditions remained unchanged. According to the experi-
mental data, the relative error between the corrected correlation
flow rate Q and the standard flow rate Qr and the repeatability of
the propagation time are calculated to determine themeasurement
accuracy of Q. The data processing results for the verification ex-
periments of the DN40 and DN65 transducers are shown in Table 4
and Table 5.

It appears from Tables 4 and 5 that: when the flow velocity is
above 0.5 m/s, the absolute value of the maximum relative error is
0.57%, and the maximum repeatability error is 0.2430% < 0.3%,
which satisfies the measurement accuracy of 1.0-level; when the
flow velocity is within 0.2 m/s~0.5 m/s, the maximum relative error
is 0.99%, and the maximum repeatability error is 0.8190% < 1%,
which satisfies the measurement accuracy of 3.0-level.
Qc (m3/h) Propagation time t (ms) Average time t (ms) Repeatability (%)

127.2 127.1 0.0787
127.1
127.0
161.6 161.6 0.0945
161.5
161.8
253.7 253.7 0.0228
253.7
253.8
467.2 468.2 0.1791
468.6
468.7
909.6 908.9 0.2670
906.2
910.9



Table 3
Calibration experimental results of DN65 transducer.

Standard flow rate Qr (m3/h) Standard flow velocity v (m/s) Correlation flow rate Qc (m3/h) Propagation time t (ms) Average time t (ms) Repeatability (%)

11.429 0.96 12.317 315.2 315.2 0.0799
314.9
315.4

8.050 0.67 8.798 441.5 441.3 0.0472
441.2
441.1

5.314 0.44 5.946 653.9 653.0 0.1238
652.5
652.5

2.502 0.21 2.941 1333.2 1320.2 0.8536
1312.8
1314.7

Table 4
Verification experimental results of DN40 transducer.

Standard flow rate Qr
(m3/h)

Standard flow velocity
v (m/s)

Corrected correlation flow rate
Q (m3/h)

Relative
error (%)

Correlation flow rate Qc
(m3/h)

Propagation time
t (ms)

Average time t
(ms)

Repeatability
(%)

7.000 1.55 7.000 0.00 7.875 186.9 186.7 0.1115
186.6
186.5

6.032 1.33 6.044 �0.20 6.845 215.0 214.8 0.0538
214.6
214.8

4.000 0.88 3.984 0.40 4.625 317.5 317.9 0.1418
317.9
318.4

Table 5
Verification experimental results of DN65 transducer.

Standard flow rate Qr
(m3/h)

Standard flow velocity
v (m/s)

Corrected correlation flow rate
Q (m3/h)

Relative
error (%)

Correlation flow rate Qc
(m3/h)

Propagation time
t (ms)

Average time t
(ms)

Repeatability
(%)

11.364 0.95 11.428 �0.57 12.333 314.9 314.8 0.1284
315.2
314.4

8.165 0.68 8.171 �0.08 8.915 434.3 435.5 0.2430
436.3
435.9

5.291 0.44 5.299 �0.15 5.900 658.9 658.0 0.1542
656.9
658.2

2.622 0.22 2.596 0.99 3.064 1276.7 1267.1 0.8190
1256.1
1268.6
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5. Conclusions

(1) The working principle of the transducer of the PMSF with
embedded bluff body is studied, and the characteristics of
flow fluctuation signal are analyzed, thereby the design
principle of the sensor is proposed.

(2) According to the signal characteristics and measurement
accuracy requirements, the corresponding data acquisition
system is built, the DN65 and DN40 flow transducers are
respectively calibrated on the sodium flow loop, andmultiple
signals of two transducers at different flow rates are
collected. The signals are analyzed from the time domain and
the frequency domain, respectively. It is found that the signal
does not have periodicity; the upstream signal strength is
significantly stronger than the downstream signal; the larger
the flow rate, the stronger the signal; the frequency band is
proportional to the flow velocity, which indicates that some
characteristics of the vortex have been retained in the fluid
fluctuation. These results of the signal analysis are consistent
with the working principle and design principles of the
transducer.

(3) The specific application of cross-correlation analysis
methods based on bias estimation is studied according to the
characteristics of signals at different flow rates. The experi-
mental data are processed to obtain the propagation time
which can be converted to the correlation flow rate Qc. The
standard flow rate Qr and the correlation flow rate Qc are
fitted by the least squares method to obtain the correction
coefficients k and b, and a more accurate sodium flow
measurement relationship is established.

(4) Verification experiments are performed on the sodium flow
loop, and the error results of flow rate and repeatability
indicate that the measurement accuracy of the cross-
correlation method is 1.0-level, when the flow velocity is
above 0.5 m/s; and the measurement accuracy is 3.0-level
when the flow velocity is within 0.2 m/s~0.5 m/s. Based on
the work of the predecessors, the measurement accuracy of
sodium flow rate based on cross-correlation method is
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improved in this paper, and themeasurable lower limit of the
range is reduced, which lays a foundation for the online
calibration of PMSF.

Acknowledgements

This work was supported by the National Key Research and
Development Plan of China (Developments and demonstration
applications of real-time online measuring instruments for special
working conditions, No. 2018YFB2003900). Thanks to Chongqing
Chuanyi Automation Co., Ltd., in Chongqing city, China for
providing the transducers of PMSFs with imbedded bluff body and
experimental conditions.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2019.07.034.

References

[1] A.C. Raptis, G.A. Forster, A signal analysis method using cross-correlation of
turbulence flow signals to determine calibration of permanent magnet
sodium flowmeters, IEEE Trans. Nucl. Sci. 25 (1977) 278e281.
[2] A. Endou, In service calibration method of electromagnetic flowmeter for

LMFBR utilizing cross correlation of output voltage fluctuations, J. Nucl. Sci.
Technol. 21 (1984) 501e514.

[3] H. Araki, Electromagnetic flowmeter in-situ calibration by the flow fluctuation
cross correlation method, Trans. Soc. Instrum. Control Eng. 22 (2009)
210e217.

[4] R. Ramakrishna, P. Anup Kumar, et al., In-situ calibration of permanent
magnet flowmeters in PFBR using noise analysis technique, Flow Meas. Ins-
trum. 34 (2013) 76e82.

[5] Y.Y. Liu, D.L. Chen, J.W. Yang, et al., Correlation sodium flow measurement
system design based on labview, Atomic Energy Sci. Technol. 49 (2015)
1865e1869.

[6] Z.-P. Shu, K.-J. Xu, The comparison of biased estimate and unbiased estimate
on cross-correlation analysis, J. Electr. Electron. Educ. 39 (2017) 32e34.

[7] L.-A. Xu, Cross-correlation Flow Measurement Technique, first ed., Tianjin
University Press, Tianjin, July 1988.

[8] W.-C. Cai, Q.-G. Ying, The New Flow Detection Instrument, first ed., Chemical
Industry Press, Beijing, January, 2006.

[9] L.A. Adamovskii, Vortex electromagnetic flowmeters for liquid metal coolants,
Meas. Tech. 50 (2007) 58e65.

[10] A. Venugopal, A. Agrawal, S.V. Prabhu, A vortex cross-correlation flowmeter
with enhanced turndown ratio, Rev. Sci. Instrum. 85 (2014), 06619.

[11] C.H. Tang, B.B. Dong, B.Z. Ma, Argon Distribution System in Sodium Cooled
Fast Reactor, 2011. Pub.No.CN2011/101174479B, Pub. Data: Sep.14.

[12] K.-J. Xu, Y.-Z. Huang, Y.R. Lin, Q. Chen, Signal Analysis and Processing, second
ed., Tsinghua University Press, Beijing, December, 2012.

[13] Y.B. Ji, S.R. Qin, et al., Research on the boundary effect problem of finite in-
terval signals, J. Vib. Shock 21 (2002) 108e111.

https://doi.org/10.1016/j.net.2019.07.034
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref1
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref1
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref1
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref1
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref2
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref2
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref2
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref2
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref3
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref3
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref3
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref3
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref4
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref4
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref4
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref4
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref5
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref5
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref5
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref5
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref6
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref6
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref6
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref7
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref7
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref8
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref8
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref9
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref9
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref9
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref10
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref10
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref11
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref11
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref12
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref12
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref13
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref13
http://refhub.elsevier.com/S1738-5733(19)30073-7/sref13

