ﬁ Sensors

Article

A New Adaptive GCC Method and Its Application to Slug Flow
Velocity Measurement in Small Channels

Hua Xia, Junchao Huang *

check for
updates

Citation: Xia, H.; Huang, J.; Ji, H.;
Wang, B.; Huang, Z. A New Adaptive
GCC Method and Its Application to
Slug Flow Velocity Measurement in
Small Channels. Sensors 2022, 22,
3160. https://doi.org/10.3390/
522093160

Academic Editor: Matteo Gelardi

Received: 25 March 2022
Accepted: 18 April 2022
Published: 20 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Haifeng Ji, Baoliang Wang ‘ and Zhiyao Huang

State Key Laboratory of Industrial Control Technology, College of Control Science and Engineering,
Zhejiang University, Hangzhou 310027, China; xhua@zju.edu.cn (H.X.); hfji@zju.edu.cn (H.].);
wangbl@zju.edu.cn (B.W.); zy_huang@zju.edu.cn (Z.H.)

* Correspondence: jc_huang@zju.edu.cn

Abstract: In this work, an adaptive generalized cross-correlation (AGCC) method is proposed that
focuses on the problem of the conventional cross-correlation method not effectively realizing the time
delay estimation of signals with strong periodicity. With the proposed method, the periodicity of
signals is judged and the center frequencies of the strongly periodical components are determined
through the spectral analysis of the input signals. Band-stop filters that are used to suppress the
strongly periodical components are designed and the mutual power spectral density of the input
signals that is processed by the band-stop filters is calculated. Then, the cross-correlation function
that is processed is the inverse Fourier transform of the mutual power spectral density. Finally, the
time delay is estimated by seeking the peak position of the processed cross-correlation function.
Simulation experiments and practical velocity measurement experiments were carried out to verify
the effectiveness of the proposed AGCC method. The experimental results showed that the new
AGCC method could effectively realize the time delay estimation of signals with strong periodicity.
In the simulation experiments, the new method could realize the effective time delay estimation of
signals with strong periodicity when the energy ratio of the strongly periodical component to the
aperiodic component was under 150. Meanwhile, the cross-correlation method and other generalized
cross-correlation methods fail in time delay estimation when the energy ratio is higher than 30.
In the practical experiments, the velocity measurement of slug flow with strong periodicity was
implemented in small channels with inner diameters of 2.0 mm, 2.5 mm and 3.0 mm. With the
proposed method, the relative errors of the velocity measurement were less than 4.50%.

Keywords: adaptive; cross-correlation; velocity measurement; slug flow; small channels

1. Introduction

The cross-correlation method is widely used in many fields for time delay estimation,
such as for the flow rate/velocity measurement of fluids [1-9]. Wang et al. utilized the
cross-correlation method to calculate the particle velocities between the electrodes from
two planes at different positions and to establish the particle velocity distributions in
pipelines [5]. Bai et al. designed a distributed four-sector conductance cross-correlation
sensor to realize the measurement of oil-water flow velocity in a pipe with a 20 mm
inner diameter [6]. To measure the differences in times of arrival in the sound source
localization field [10-15], Padois el al. designed and optimized microphone array geometry
and used the generalized cross-correlation method to realize the localization of acoustic
sources [12,13]. Manuel Vera-Diaz et al. combined a convolutional deep neural network
and the generalized cross-correlation method to create a 3D acoustic map that could recover
source positions [15]. In the time delay estimation of biological responses [16,17], Hong et al.
designed a signal quality index that was based on the cross-correlation result between the
observed signals from a multimodal biosignal chair and the noise-free signals; hence, they
could assess the practical use of the chair for smart healthcare [16]. Wang et al. applied the

Sensors 2022, 22, 3160. https://doi.org/10.3390/5s22093160

https:/ /www.mdpi.com/journal /sensors


https://doi.org/10.3390/s22093160
https://doi.org/10.3390/s22093160
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0003-0688-2385
https://orcid.org/0000-0002-0045-0576
https://orcid.org/0000-0003-1858-5994
https://doi.org/10.3390/s22093160
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s22093160?type=check_update&version=2

Sensors 2022, 22, 3160

20f18

cross-correlation method to the auditory brainstem response test and found a good match
between their proposed method and the human readouts [17]. Nevertheless, in practical
applications, the conventional cross-correlation methods are difficult to use effectively for
the time delay estimation of signals with strong periodicity [1,2] because it is difficult to find
a peak in the cross-correlation function of signals with strong periodicity. Additionally, the
maximum position of the cross-correlation function does not represent the practical time
delay [1,2]. There is a lack of research on the time delay estimation of signals with strong
periodicity and it is essential to discover an effective method to deal with this problem and
fill that research gap.

Recently, gas-liquid two-phase flows in small channels have received more attention
from researchers and engineers due to their high mass, heat transfer performance and
compact structure [18-20]. Slug flow is one of the most common flow patterns of gas—
liquid two-phase flows in small channels [21-23]. Haase et al. indicated the potential of
slug flow in intensity reaction processes and provided an overview of the hydrodynamics
and mass transfer characteristics of slug flow [19]. Therefore, it is important to realize
the measurement of slug flow velocity in small channels both for academic research and
industrial applications [18-23]. However, the conventional cross-correlation method is not
suitable for the measurement of slug flow velocity in small channels [18-23] because the
conventional cross-correlation methods were developed for the measurement of gas-liquid
two-phase flow velocity in normal scale pipelines and because the periodicity of slug flow is
not obvious or strong. While with the decrease in the inner diameters of small channels, the
measurement signals in the small channels are likely to appear to have strong periodicity.
When the conventional method is applied to measurement of slug flow velocity in small
channels, intolerable errors may occur because of the strong periodicity [1,2]. Therefore, it
is critical to develop a new cross-correlation method that can effectively process signals
with strong periodicity, estimate time delay and hence, implement the measurement of slug
flow velocity with strong periodicity.

The generalized cross-correlation (GCC) method provides a possible approach. The
generalized cross-correlation (GCC) method was developed by expanding the cross-correlation
method [24-27]. Unlike the basic cross-correlation method, the generalized cross-correlation
method can sharpen the peak of the cross-correlation function and improve time delay
estimation performance by introducing a weight function when implementing the time delay
estimation [24-27]. Figure 1 shows the time delay estimation principle of the GCC method.
Figure 1a is a flowchart of the GCC method. Figure 1b shows a typical example of time delay
estimation using the cross-correlation method.

As shown in Figure la, x1(t) and x,(t) are the two input signals. With the GCC
method, the spectra of the two input signals X;(f) and X;(f) are obtained using the
Fourier transform (FT) and then the mutual power spectral density of the two input signals
G12(f) can be obtained. Then, a weight function ¢(f) is introduced and multiplied by the
mutual power spectral density and hence, obtains the processed mutual power spectral
density G12(f) @(f). The cross-correlation function Rj,(t) is obtained using the mutual
power spectral density that was processed with the inverse Fourier transform (IFT). The
time delay is obtained from the position of the peak of the cross-correlation function, as
shown in Figure 1b. The weight function ¢( f) is the key point of the GCC method. Some
weight functions have been proposed, such as the Roth [24,26], PHAT [24,27], SCOT [24,27],
etc. Unfortunately, the conventional GCC methods with different weight functions ¢(f)
were designed to sharpen the peak of the cross-correlation function and hence, improve
the time delay estimation performance [24-27]. These GCC methods hardly take the
influence of the strong periodicity of measurement signals on time delay estimation into
consideration [24-27]. Therefore, in order to effectively realize the time delay estimation
of signals with strong periodicity, it is necessary to develop a new GCC method that can
properly process signals with strong periodicity.
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Figure 1. Time delay estimation principle of the GCC method: (a) flowchart of the GCC method;
(b) a typical example of time delay estimation using the cross-correlation method.

In this paper, a new adaptive generalized cross-correlation (AGCC) method is pro-
posed for the time delay estimation of signals with strong periodicity. Two adaptive
band-stop filters were introduced into the new adaptive generalized cross-correlation
(AGCC) method. The signals with strong periodicity were processed by the two adaptive
band-stop filters and the time delay estimation of signals with strong periodicity was imple-
mented. Numerical simulations were carried out to test the performance of the proposed
AGCC method. The measurement of slug flow velocity in small channels is then introduced
as an example of the practical application of the proposed method and further verifies the
effectiveness of the proposed AGCC method.

2. New Adaptive Generalized Cross-Correlation (AGCC) Method
2.1. Principles of the AGCC Method

Figure 2 shows a flowchart of the new adaptive generalized cross-correlation (AGCC)
method.
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Figure 2. Flowchart of the new adaptive GCC method.
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As shown in Figure 2, x1(t) and x,(f) are the two input signals. The spectra of the two
input signals X (f) and X,(f) are obtained by the Fourier transform (FT):

xi(f) = [ n(e > ar M
Xo(f) = L ¥ o (t)e 2 gy @)

where, X; (f) is the spectrum of x1(¢) and X, (f) is the spectrum of x,(t). The spectra of
the input signals are analyzed and two filters H(f) and H(f) are adaptively designed
according to the signal analysis results. The strong periodicity components of X; (f) and
X5 (f) are suppressed by the operation of the two filters. Two filtered signals X; (f) and
Xy H(f) are then obtained:

Xyu(f) = Xa(f)Hi(f) ®)
Xo,u(f) = Xa(f)Ha(f) 4)

The mutual power spectral density of the two filtered signals is Gy2(f):
Gia(f) = Xo,u(f) (Xou(f))" ©)

where ()" denotes the complex conjugate. Gio(f) is the Fourier transform of the cross-
correlation function of the two filtered signals. Thus, the cross-correlation function Ry, (t)
can be obtained when the inverse Fourier transform is applied to G5 (f):

Rlz(t) = /0; Glz(f)ejznftdf (6)

Finally, by searching for the peak position of Ri,(f), the time delay estimation is
implemented and the time delay 7 is the peak position of Ry (t).

As mentioned above, the target of the conventional GCC methods is to sharpen the
peak of the cross-correlation function, while the proposed AGCC method aims to overcome
the influence of the strong periodicity of measurement signals on time delay estimation.
By comparing a conventional GCC method (as shown in Figure la) and the proposed
AGCC method, it was found that the main difference between the methods is that the
conventional GCC method introduces a weight function ¢(f) to process the mutual power
spectral density of the input signals, while the AGCC method introduces two filters that
are adaptively designed according to the signal analysis to process the spectra of the input
signals. Obviously, the design of H;(f) and Hy(f) is important for effective time delay
estimation. In addition, the filters need to be adaptive filters.

In the AGCC method, the two filters are adaptive band-stop filters. As there is only
a time delay between the two input signals x; (t) and x(t), the magnitude responses of
their spectra are almost the same and the filters of x; (f) and x,(f) are the same. Therefore,
in this work, we only needed to analyze either x1(t) or x,(t) to determine the center
frequency of the stopband of the two filters H;(f) and Hy(f). In addition, there is an
obvious feature in the magnitude response of spectrum for a signal that contains strong
periodicity components, i.e., a prominent and obvious peak can be found in the frequency
that corresponds to the strong periodicity components. Figure 3 shows an example of
this phenomenon.

To design the two adaptive band-stop filters (H; (f) and Hy(f)), the input signal x(¢)
(x1(f) or xp(t)) is processed using the Fourier transform. The spectrum of the signal X(f)
and its magnitude | X(f)| are obtained. Then, the frequency position f;;4y is found where
the corresponding magnitude is the largest so that the largest magnitude |X( fiax )| satisfies
the following condition (Equation (7)):
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Figure 3. A typical example of signals with strong periodicity: (a) signals; (b) spectra of x;(f);
(c) spectra of x,(t).

| X (fmax)| > p+ ko ()

where y and o are the mean value and the standard deviation of |X(f)| and k is the
periodic judgement coefficient. In this work, k was determined in advance according to
previous experiments and later in this article, k was set as 3. This means that the periodicity
component whose frequency is fyqy is too strong for the effective implementation of time
delay estimation and needs to be suppressed. The center frequency of the stopband of the
adaptive filters is f;qx. Further, the stopband of the filter is:

(1 =€) fmax < f < (1 +€) finax (8)

where ¢ is the filter range coefficient.
Thus, based on the above descriptions, the two corresponding adaptive band-stop
filters Hy(f) and Hp(f) of x1(t) and x(t) are:

1 f<(1—¢) fmax

Hi(f) =90 (1—=¢)fmax < f < (1+e¢)fimax
1 f > (1 + £)fmux
)
1 f<(—¢)fmax
Hy(f) =40 (1 —¢)fmax < f < (1+¢)fimax

1 f>1—¢) fmax

Figure 4 illustrates the magnitude responses of the band-stop filters H; (f) and H(f)
that were designed for the signals in Figure 3.

2.2. Digital Implementation of the AGCC Method

In practical applications, the information that is obtained is digital, i.e., the input
signals (x1(f) and x,(t)) are digital data. The Fourier transform (FT) and inverse Fourier
transform (IFT) are realized by digital Fourier transform (DFT) and inverse digital Fourier
transform (IDFT), respectively. The signal processing of time delay estimation can be
mainly divided into the following six steps:

(1) To obtain the digital input sequences x1(nAt) and x,(nAt) by sampling the input

signals (x1(f) and x;(t)) with the A/D converters where At is the sampling time
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interval, n = 0,1,2...,N — 1 is the index of the sequences and N is the sampling
number, the sampling duration T and the sampling frequency f; can be expressed as:

T = NAt (10)
1
fo= A (11)
1 1
0.9r 0.9r
0.8f 0.8f
0.7r 0.7¢
0.6f 0.6f
i" 0.5¢ i“‘ 0.5¢
0.4f 0.4f
0.3+ 0.3+
0.2f 0.2
0.1 0.1t
00 100 200 300 400 500 00 100 200 300 400 500
Frequency (Hz) Frequency (Hz)
(a) (b)

Figure 4. Magnitude responses of Hj (f) and Hy(f): (a) H1(f); (b) Ha(f)-
(2) Then, obtain the spectra of the digital input sequences Xi(f;) and X,(f;) by DFT:
N-1

Xi(fi) = Y x1(nAt)ej2Hfinat
n=0

(12)

N-1

Xz(fi) = Z XQ(nAt)e_jZT[fi”At
n=0

(13)

wherei =0,1,2,..., % is the index of the frequency and f; = ﬁ is the frequency
sequence of the spectra. In practical applications, the fast Fourier transform (FFT)
algorithm is adopted to obtain of the spectra;

(3) Design the two adaptive band-stop filters (H;(f;) and Hy(f;)), i.e., determine the
stopband of Hy(f;) and Hy(f;).

Using Xi(f;) as an example, the magnitude response X (f) needs to be calculated,
i.e., |X1(fi)|- Then, determine the frequency position of the largest magnitude fy.x and
the largest magnitude | X1 (fimax)|. Judge whether the periodicity component is too strong
and needs to be eliminated by | X(fuax)| > u + ko. The mean value y and the standard
deviation ¢ are determined as:

1 3
p= m§)|xl(fi)| (14)

(15)

=

0=J/2‘ e X
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The two band-stop filters H; (f) and Hy(f) are designed as:
1 fi < (1 =€) fmax
Hi(fi) = 90 (1 —¢€)fmax < fi < (1+€) fimax
L fi> (1+e) fmax
(16)
1 fi < (1 — E)fmax
Hy(fi) = 40 (1 —&)fimax < fi < (1+¢) finax
L fi> (1 =€) fmax

If the periodicity component is not strong, i.e., | X(fuax)| < p + ko, that means that
there is no obvious peak in the magnitude responses of spectrum of the input signals and
the basic cross-correlation method can be implemented for effective time delay estimation.
In this case, H1(f;) = Ha(fi) = 1;

(4) To obtain the spectra of the filtered signals X; y(f;) and Xo (fi):

Xyu(fi) = X1 (fi) Ha(fi) (17)
Xou(fi) = Xo(fi)Ha(fi) (18)

To obtain the mutual power spectral density of the filtered signals Gy (f;):
Gra(fi) = Xy,u(fi) (Xou(fi) s (19)

5) To obtain the cross-correlation function Ry, (mAt) by IDFT (IFFT):
y
N N
Ryp(mAt) z 2rfimbty, — = 41,...-1,0,1,...— (2
12(m 2 Glz fi)e >+l ,0,1, X (20)

(6) Find the peak position of Ry, (mAt) to determine the time delay of the two input
signals.

Figure 5 shows the process of using the new AGCC method for the time delay estima-
tion of signals with strong periodicity (using the signal in Figure 3 as an example).

2.3. Modification for Practical Measurements

It is necessary to indicate that in practical measurements, signals with strong periodic-
ity usually have more than one strongly periodical component. In the case of a signal with
strong periodicity having multiple strongly periodical components, the flowchart of the
time delay estimation needs to be modified. Figure 6 shows the signal analysis and the
generation of the band-stop filters in practical measurements.

According to Figure 6, the signal analysis process in practical measurements is as
follows:

Step 1. Initialize the processed signal spectra X (f) = Xi(f), set the iteration number
j = 1 and initialize the periodical center frequency set f.(j) as an empty set;

Step 2. Calculate the magnitude responses |Xp(f)|. Then, find the frequency position fyx
where the corresponding magnitude is the largest;

Step 3. Judge the periodical intensity according to | Xp (fuax)| = p + ko. When | Xp (finax)| >
p + ko, record fc(j) = finax and go to Step 4. When |Xp(fiax)| < p + ko, output
fe(i) and go to Step 5;

Step 4. Set the frequency range (1 —¢€) fax < f < (1+¢€) finax of Xp(f) = 0 and set the
iteration number j = j + 1. Then, return to Step 2;
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Step 5. Generate the two band-stop filters H; (f) and Hp(f):
1 f<@-ef())

Hi(f) = Ha(f) = {0 (1=8)fe(j) < f < (1 +e)fe(j) (21)
L f>(1+e)fe(f)

Hi(f) -

X1.:(/)

100 200 300 %00 500
Frequency (Hz)

T Signal analysis

| . | h
Al A I H . | l‘t Time delay: 56 ms
immmﬁgmww 1. £—d7A
x(nT) mi;)) = \ﬂw W\M FMW ﬂ M
ENuiillmm\\“\\\\wMw\\"”n"nwlllui‘uuuM ig ,—» O* ; VWHLAHNV VUMVWL[MUW \U\m AJWV \\ﬂ\/\w
=00 T
HA/)

1,00

Figure 5. New adaptive GCC method for the signals in Figure 3 (the filter range coefficient ¢ = 0.05).

With the obtained band-stop filters, the remaining steps are the same as the AGCC
method that was introduced above, i.e., obtain the spectra of the filtered signals (Equations
(3) and (4)), obtain the mutual power spectral density of the filtered signals (Equation
(5)), obtain the cross-correlation function (Equations (6)) and find the peak position of the
cross-correlation function to determine the time delay of the two input signals.
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Figure 6. Signal analysis and the generation of band-stop filters in practical measurements.

3. Experimental Results
3.1. Simulation Experiments

Simulation experiments were carried out to test the effectiveness of the proposed
method for signals with strong periodicity. In the simulation experiments, test signals with
different strongly periodical components were generated. Then, the time delay estimation
results of those test signals from the different cross-correlation methods (CC, GCC with
Roth, GCC with PHAT and AGCC) were compared and analyzed.

The original test signal F(n) was:

F(n) = P(n) + E(n) (22)

where P(n) is the strongly periodical component and E(n) is the aperiodic fluctuant
component:
P(n) = Apsin(2mtfenAt) (23)

where A, is the amplitude, f. is the periodical center frequency and At is the sample
interval of the signal. E(n) is the aperiodic fluctuant component that was generated
randomly. Thus, by adjusting the A, the original test signal could show different degrees
of periodicity. The two input signals x;(n) and x;(n) were two clips that were taken from
the F(n) and the time difference between x1(n) and x,(n) was the reference time delay.
The ratio of the signal energy RE was used as the strong periodicity index of the degrees
of periodicity:
_ I [P(n))?
Lol [E(m)?

where N is the length of the original test signal.

Table 1 lists the experimental results of the simulation experiments.

To better compare the characteristics and performances of the different cross-correlation
methods, two groups of simulation experiments (A;;, = 30 and RE = 7.6; A;;, = 100 and
RE = 85.6) were used as examples to show the cross-correlation functions that were ob-
tained from the different cross-correlation methods. Figure 7 shows the results of the
simulation experiments with A,, = 30 and RE = 7.6. Figure 7a shows the original signals

RE (24)
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and Figure 7b-e are the cross-correlation functions that were obtained by the CC (conven-
tional cross-correlation) method, the GCC method with Roth, the GCC method with PHAT
and the new AGCC method, respectively.

Table 1. Experimental results of the simulation experiments.

Time Delay Estimation Result (ms)

Reference Time Delay

Am  RE (ms) cc GCC GCC Proposed
(Roth) ~ (PHAT)  AGCC
1 0.01 56 56 56 56 56
10 0.9 56 56 56 56 56
20 3.5 56 56 56 56 56
30 7.6 56 56 56 56 56
0 135 56 56 56 0 56
50 212 56 4 56 0 56
60 305 56 4 0 0 56
70 415 56 4 0 0 56
80 511 56 —4 0 0 56
9 685 56 4 0 0 56
100 856 56 4 0 0 56
10 1023 56 —4 0 0 56
120 1218 56 4 0 0 56
130 1420 56 4 0 0 56
140 16538 56 —4 0 0 56
15 1905 56 4 0 0 56

Note: In the simulation experiments, the length of the test signal was 1000, f, = 50 Hz and At = 1.0 ms. The
simulation experiments were carried out using MATLAB.

|
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\
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> e
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Figure 7. Results of the simulation experiments with A;; = 30 and RE = 7.6: (a) original signals;
(b) cross-correlation functions obtained by CC; (c) cross-correlation functions obtained by GCC with
Roth; (d) cross-correlation functions obtained by GCC with PHAT; (e) cross-correlation functions
obtained by AGCC.
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In Figure 7a, it can be seen that the input signals had some random fluctuations and
the time delay of the two signals can be easily observed by the naked eye. Meanwhile,
due to the existence of the strongly periodical component A,, = 30, the signals had
obvious periodicity, which led to the strong periodicity of the cross-correlation functions
that were obtained by CC, as shown in Figure 7b. In Figure 7b, although peak position
of the cross-correlation function T = 56 ms was the correct time delay, the values of the
cross-correlation functions were very close to the values of other peak positions, such as
T = —4 ms, 16 ms and 36 ms. In Figure 7c,d, the peaks of the GCC functions are apparent
and their positions were correct. However, there was a second peak at the position T = 0 ms
and the experiment results showed that the second peak increased with the increase in the
degree of periodicity. In Figure 7e, it can be seen that the cross-correlation function could
realize effective time delay estimation.

Figure 8 shows the results of the simulation experiments with A,, = 100 and RE = 85.6.
Figure 8a shows the original signals and Figure 8b—e are the cross-correlation functions that
were obtained by the CC (conventional cross-correlation) method, the GCC method with
Roth, the GCC method with PHAT and the new AGCC method, respectively.
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400 0.6
300 MMM MM ’ 0.5,
m | :
g E
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Figure 8. Results of the simulation experiments with A,, = 100 and RE = 85.6: (a) original signals;
(b) cross-correlation functions obtained by CC; (c) cross-correlation functions obtained by GCC with
Roth; (d) cross-correlation functions obtained by GCC with PHAT; (e) cross-correlation functions
obtained by AGCC.

In Figure 8a, it is difficult to observe any random fluctuations and the time delay of
the two signals with the naked eye. The peak position of the cross-correlation functions
that were obtained by CC was T = —4 ms, as shown in Figure 8b. In Figure 8c,d, it can
be seen that the peak at T = 0 ms increased so much that the peak in the correct position
almost disappeared. In Figure 8e, it can be observed that the cross-correlation function
could still realize effective time delay estimation.

From Table 1 and Figures 7 and 8, it can be seen that when the ratio of the signal energy
RE was lower than 10.0, all of the different methods could implement time delay estimation
successfully. With the increase in the degree of periodicity, the basic cross-correlation
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method and the GCC methods with PHAT and Roth all failed in time delay estimation
when the RE was higher than 30.0. However, the proposed new AGCC method could work
effectively until the RE was higher than 190.0.

Simulation experiments were also carried out to verify the effectiveness of the modified
AGCC method for signals with strong periodicity that had multiple strongly periodical
components, as proposed in Section 2.3, Figure 6. Figure 9 shows a typical example of
signals with strong periodicity that have three strongly periodical components.
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Figure 9. A typical example of signals with three strong periodicity components: (a) signals;
(b) spectra of x1(t); (c) spectra of x(t).

As shown in Figure 9, there were three prominent and obvious peaks in the frequency,
which corresponded to the strong periodicity components. Figure 10 shows the process
for using the new AGCC method to implement the time delay estimation of signals with
strong periodicity that have multiple strongly periodical components (using the signals in
Figure 9 as an example). Figure 10 shows the process for obtaining the spectra of the filtered
signals X1 i (fi) and X i (fi) and Figure 11a-d show the cross-correlation functions that
were obtained by the signal without filtration (iteration number j = 0) and by the signals
that were filtered for iteration numbers j = 1, j = 2 and j = 3, respectively.

As shown in Figure 10, a total of three iterations were carried out for the signals
with strong periodicity that had three strongly periodical components and each iteration
suppressed a strongly periodical component. Figure 11 shows the necessary modification
of the AGCC method for this kind of signal and the effectiveness of this modification.
By comparing Figures 11d and 11a—c, it is obvious that the AGCC method could only
implement effective time delay estimation after three iterations, i.e., when not all strongly
periodical components were suppressed, the AGCC method could not work effectively.

3.2. Measurement of Slug Flow Velocity in Small Channels

To further verify the effectiveness of the proposed adaptive GCC method, the mea-
surement of slug flow velocity in small channels with inner diameters of 2.0 mm, 2.5 mm
and 3.0 mm were carried out.

Velocity is a basic parameter of gas-liquid two-phase flow that plays a role in the
quality control, process safety and production efficiency of industrial processing. Velocity is
also the basis for the further academic study of gas-liquid two-phase flow. Meanwhile, the
new AGCC method that is proposed in this work would be suitable for the measurement
of slug flow velocity in small channels.

The velocity measurement system was developed to obtain flow information about the
slug flow using a CCD sensor. Figure 12 shows the construction of the velocity measurement
system. For more detail information on the CCD and the velocity measurement system,
please refer to [28].
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Figure 10. Obtaining the spectra of the filtered signals X1 i (f;) and X i (f;) for signals with three
strong periodicity components.

Figure 13 shows the experimental setup that was used for the flow rate measurements
in this work.

The experimental setup included a fluid driving section, a high-speed camera and
the flow rate measurement section. The fluid driving section consisted of a high-pressure
nitrogen tank, a water tank, a pressure stabilizing tank, a gas flowmeter, a liquid flowmeter
and a mixer. The experimental materials were tap water and nitrogen. The tap water and
nitrogen were driven into the small channel by the high-pressure nitrogen. The reference
liquid flow rate was measured using an electromagnetic flowmeter (IFC-300C, Krohne,
Duisburg, Germany) and the gas flow rate was measured and controlled using a thermal
gas flowmeter (F-201 CB, Bronkhorst, Bethlehem, USA). By adjusting the flow rates of the
liquid and gas, different slug flows could be obtained and displayed in the experimental
channel. An electromagnetic flowmeter was also used to obtain the reference flow rate data.
The high-speed camera was used to obtain the reference velocity data.

In the practical velocity measurements, the measured velocity was:

I
Uslug - k; (25)

where k is the calibration coefficient, ! is the distance between the upstream sensor and the
downstream sensor (in this work, I = 30.0 mm) and 7 is the time delay that was estimated
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by the proposed AGCC method. The relative errors e, between the measured velocity and
the reference velocity were used as the measurement performance index. The definition of
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Figure 11. AGCC functions obtained by the signal with different iteration numbers: (a) iteration
number j = 0; (b) iteration number j = 1; (c) iteration number j = 2; (d) iteration number j = 3.
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ey = oM Uref . 100% (26)
Uref
Figure 14 shows a typical example of a slug flow with strong periodicity that was
obtained using the high-speed camera and the upstream and downstream signals from the
velocity measurement system.
Figure 15 shows the CC and GCC functions of the slug flow in Figure 11 that were
obtained by the basic CC method, the GCC method with Roth, the GCC method with PHAT
and the proposed AGCC method.
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Figure 14. Typical slug flow with strong periodicity (experimental conditions: velocity, 0.41 m/s;
time delay, 73.2 ms): (a) photo; (b) signals.

As shown in Figures 14 and 15, when the slug flow had strong periodicity, the conduc-
tance information that was obtained by the CCD sensor consisted of signals with strong
periodicity. With the proposed AGCC method, the velocity measurement could be real-
ized successfully, while the other CC and GCC methods could not measure the velocity
effectively.

Table 2 lists the velocity measurement results for the three channels.
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Table 2. Velocity measurement results.

Inner Diameter (mm) Velocity Range (m/s) ey
2.0 0.52~1.32 —3.52~4.31%
2.5 0.22~1.15 —3.91~4.23%
3.0 0.52~1.09 —4.16~3.58%
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~ T 300f
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Figure 15. CC and GCC functions of slug flow with strong periodicity: (a) basic CC (obtained
time delay, —7.0 ms; measured velocity, —4.29 m/s; e, = —1145.30%); (b) GCC method with Roth
(obtained time delay, 0 ms; no meaningful measured velocity); (c) the GCC method with PHAT
(obtained time delay, 0 ms; no meaningful measured velocity); (d) the proposed AGCC method
(obtained time delay, 75 ms; measured velocity, 0.40 m/s; e, = —2.44%).

The experimental results showed that the measurement of slug flow velocity in small
channels using the new AGCC method was effective. In the three small channels, the
maximum relative errors of the slug flow velocity measurements were all less than 4.50%.

4. Conclusions

In this work, a new adaptive generalized cross-correlation (AGCC) method was
proposed to implement the time delay estimation of signals with strong periodicity. The
new AGCC algorithm analyzes the input signals first and hence, judges whether the input
signals have strong periodicity. When the input signals have strong periodicity, the method
determines the center frequencies of the strongly periodical components. According to



Sensors 2022, 22, 3160

17 of 18

the results of the signal analysis, band-stop filters are designed adaptively to suppress the
strongly periodical components. Then, by calculating the mutual power spectral density,
obtaining the processed AGCC function and finding the peak of the processed AGCC
function, the time delay estimation can be implemented.

Simulation experiments and practical velocity measurement experiments were car-
ried out to verify the effectiveness of the proposed AGCC method. In the simulation
experiments, the time delay estimation of test signals with different degrees of periodicity
was implemented using the basic cross-correlation method, the GCC methods with Roth
and PHAT and the proposed AGCC method. The experimental results showed that with
the increase in the degree of periodicity, the basic cross-correlation method and the GCC
methods with Roth and PHAT all failed in the time delay estimation and that the time
delay estimation results had large errors. However, the proposed new method could still
work effectively.

The practical velocity measurement experiments were carried out using a CCD sensor
and the new AGCC method. The new AGCC method was adapted to process the obtained
upstream signal and downstream signal and hence, realized the measurement of slug flow
velocity in small channels. The practical velocity measurement experiments were carried
out in small channels with inner diameters of 2.0 mm, 2.5 mm and 3.0 mm in order to verify
the effectiveness of the new AGCC algorithm and the new velocity measurement method.
The experimental results showed that the measurement performance of the proposed
method was satisfactory. The problems that are associated with using the normal CC
method for the measurement of slug flows with strong periodicity can be overcome and
the maximum errors were less than 4.50%.

Both the simulation experiments and the practical velocity measurement experiments
indicated that the proposed AGCC method could implement the effective time delay
estimation of signals with strong periodicity and that the problems in time delay estimation
that are caused by signals with strong periodicity, such as the cross-correlation function
not having an obvious peak and the maximum position of the cross-correlation function
not representing the practical time delay, can be overcome. Furthermore, the successful
application of the proposed AGCC method for slug flow velocity measurement also showed
the potential of the proposed method within the research field of parameter measurement.

In practical applications, the proposed AGCC method could realize the effective time
delay estimation of signals with strong periodicity and the band-stop filters could suppress
the strongly periodical components. However, the existing method requires a relatively
large amount of computation and some a priori knowledge to be introduced. Our future
research work will aim to develop faster and smarter signal processing methods (such as the
Hilbert transform) and combine them with the GCC method to overcome the unfavorable
influences of the strong periodicity of signals.

Author Contributions: Conceptualization, Z.H. and J.H.; methodology, J.H. and Z.H.; software, H.X;
validation, H.X.; formal analysis, H.X. and J.H.; investigation, H.X. and J.H.; resources, Z.H.; data
curation, H.X. and J.H.; writing—original draft preparation, H.X.; writing—review and editing, ] H.;
visualization, H.X. and J.H.; supervision, Z.H.; project administration, H.J.; funding acquisition, Z.H.
and B.W. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Nature Science Foundation of China (grant
number 51976189) and the Project of State Key Laboratory of Industrial Control Technology, Zhejiang
University (grant number ICT2021A09).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to policy reasons.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2022, 22, 3160 18 of 18

References

1. Beck, M.S. Correlation in Instruments—Cross-Correlation Flowmeters. J. Phys. E Sci. Instrum. 1981, 14, 7-19. [CrossRef]

2. Beck, M.S.; Plaskowski, A. Cross Correlation Flowmeters—Their Design and Application; Adam Hilger: Bristol, UK, 1987.

3. Fernandes, C.W.; Bellar, M.D.; Werneck, M.M. Cross-Correlation-Based Optical Flowmeter. IEEE Trans. Instrum. Meas. 2010, 59,
840-846. [CrossRef]

4. Jung, S-H.; Kim, ].-S.; Kim, ].-B.; Kwon, T.-Y. Flow-rate measurements of a dual-phase pipe flow by cross-correlation technique of
transmitted radiation signals. Appl. Radiat. Isot. 2009, 67, 1254-1258. [CrossRef]

5. Wang, C; Zhang, S.; Li, Y,; Jia, L.; Ye, J. Cross-Correlation Sensitivity-Based Electrostatic Direct Velocity Tomography. IEEE Trans.
Instrum. Meas. 2020, 69, 8930-8938. [CrossRef]

6. Bai, L.; Jin, N.; Chen, X; Zhai, L.; Wei, J.; Ren, Y. A Distributed Conductance Cross-Correlation Method for Measuring Low-Velocity
and High Water-Cut Oil-Water Flows. IEEE Sens. ]. 2021, 21, 23860-23871. [CrossRef]

7. Desmond, K.W.; Hunter, G.L. Encoded injection of microbubbles to improve flow velocity measurements using cross-correlation
technique. Meas. Sci. Technol. 2021, 32, 085302. [CrossRef]

8.  Freire Figueiredo, M.d.M.; Teixeira Carvalho, F.d.C.; Frattini Fileti, A.M.; Serpa, A.L. Dispersed-phase velocities for gas-liquid
vertical slug and dispersed-bubbles flows an ultrasonic cross-correlation. Flow Meas. Instrum. 2021, 79, 101949. [CrossRef]

9. Tan, Y, Yue, S,; Cui, Z.; Wang, H. Measurement of Flow Velocity Using Electrical Resistance Tomography and Cross-Correlation
Technique. IEEE Sens. J. 2021, 21, 20714-20721. [CrossRef]

10. Wan, X.; Wu, Z. Sound source localization based on discrimination of cross-correlation functions. Applied Acoustics. 2013, 74,
28-37. [CrossRef]

11.  Manuel Villladangos, J.; Urena, J.; Jesus Garcia, J.; Mazo, M.; Hernandez, A.; Jimenez, A.; Ruiz, D.; De Marziani, C. Measuring
Time-of-Flight in an Ultrasonic LPS System Using Generalized Cross-Correlation. Sensors 2011, 11, 10326-10342. [CrossRef]

12.  Padois, T. Acoustic source localization based on the generalized cross-correlation and the generalized mean with few microphones.
J. Acoust. Soc. Am. 2018, 143, EL393-EL398. [CrossRef] [PubMed]

13.  Padois, T.; Doutres, O.; Sgard, E,; Berry, A. Optimization of a spherical microphone array geometry for localizing acoustic sources
using the generalized cross-correlation technique. Mech. Syst. Signal Process. 2019, 132, 546-559. [CrossRef]

14. Chu, Z.; Weng, ].; Yang, Y. Determination of propagation model matrix in generalized cross-correlation based inverse model for
broadband acoustic source localization. J. Acoust. Soc. Am. 2020, 147, 2098-2109. [CrossRef] [PubMed]

15.  Manuel Vera-Diaz, J.; Pizarro, D.; Macias-Guarasa, J. Acoustic source localization with deep generalized cross correlations. Signal
Process. 2021, 187, 108169. [CrossRef]

16. Hong, S.; Heo, J.; Park, K.S. Signal Quality Index Based on Template Cross-Correlation in Multimodal Biosignal Chair for Smart
Healthcare. Sensors 2021, 21, 7564. [CrossRef]

17. Wang, H.; Li, B; Lu, Y,; Han, K,; Sheng, H.; Zhou, J.; Qi, Y.; Wang, X.; Huang, Z.; Song, L.; et al. Real-time threshold determination
of auditory brainstem responses by cross-correlation analysis. iScience 2021, 24, 103285. [CrossRef]

18. Kandlikar, S. Heat Transfer and Fluid Flow in Minichannels and Microchannels; Elsevier Press: Oxford, UK, 2005.

19. Haase, S.; Murzin, D.Y,; Salmi, T. Review on hydrodynamics and mass transfer in minichannel wall reactors with gas-liquid
Taylor flow. Chem. Eng. Res. Design 2016, 113, 304-329. [CrossRef]

20. Ide, H.; Kariyasaki, A.; Fukano, T. Fundamental data on the gas-liquid two-phase flow in minichannels. Int. ]. Therm. Sci. 2007,
46, 519-530. [CrossRef]

21. Abiev, R.S. Bubbles velocity, Taylor circulation rate and mass transfer model for slug flow in milli- and microchannels. Chem. Eng.
J. 2013, 227, 66-79. [CrossRef]

22. Zhang, M,; Pan, L.-M.; He, H.; Yang, X,; Ishii, M. Experimental study of vertical co-current slug flow in terms of flow regime
transition in relatively small diameter tubes. Int. |. Multiph. Flow 2018, 108, 140-155. [CrossRef]

23. Hetsroni, G. Handbook of Multiphase Systems; McGraw-Hill Book, Inc.: New York, NY, USA, 1982.

24. Knapp, C.H,; Carter, G.C. Generalized correlation method for estimation of time-delay. IEEE Trans. Acoust. Speech Signal Process.
1976, 24, 320-327. [CrossRef]

25. Azaria, M.; Hertz, D. Time-delay estimation by generalized cross-correlation methods. IEEE Trans. Acoust. Speech Signal Process.
1984, 32, 280-285. [CrossRef]

26. Roth, PR. Effective Measurements Using Digital Signal Analysis. IEEE Spectr. 1971, 8, 62-70. [CrossRef]

27. Carter, G.C.; Nuttall, A.H.; Cable, P. The smoothed coherence transform. Proc. IEEE 1973, 61, 1497-1498. [CrossRef]

28. Huang, J.; Sheng, B.; Ji, H,; Huang, Z.; Wang, B.; Li, H. A New Contactless Bubble/Slug Velocity Measurement Method of

Gas-Liquid Two-Phase Flow in Small Channels. IEEE Trans. Instrum. Meas. 2019, 68, 3253-3267. [CrossRef]


http://doi.org/10.1088/0022-3735/14/1/001
http://doi.org/10.1109/TIM.2009.2025990
http://doi.org/10.1016/j.apradiso.2009.02.057
http://doi.org/10.1109/TIM.2020.3001412
http://doi.org/10.1109/JSEN.2021.3115267
http://doi.org/10.1088/1361-6501/abe96b
http://doi.org/10.1016/j.flowmeasinst.2021.101949
http://doi.org/10.1109/JSEN.2021.3100265
http://doi.org/10.1016/j.apacoust.2012.06.006
http://doi.org/10.3390/s111110326
http://doi.org/10.1121/1.5039416
http://www.ncbi.nlm.nih.gov/pubmed/29857696
http://doi.org/10.1016/j.ymssp.2019.07.010
http://doi.org/10.1121/10.0000973
http://www.ncbi.nlm.nih.gov/pubmed/32359244
http://doi.org/10.1016/j.sigpro.2021.108169
http://doi.org/10.3390/s21227564
http://doi.org/10.1016/j.isci.2021.103285
http://doi.org/10.1016/j.cherd.2016.06.017
http://doi.org/10.1016/j.ijthermalsci.2006.07.012
http://doi.org/10.1016/j.cej.2012.10.009
http://doi.org/10.1016/j.ijmultiphaseflow.2018.07.005
http://doi.org/10.1109/TASSP.1976.1162830
http://doi.org/10.1109/TASSP.1984.1164314
http://doi.org/10.1109/MSPEC.1971.5218046
http://doi.org/10.1109/PROC.1973.9300
http://doi.org/10.1109/TIM.2018.2877825

	Introduction 
	New Adaptive Generalized Cross-Correlation (AGCC) Method 
	Principles of the AGCC Method 
	Digital Implementation of the AGCC Method 
	Modification for Practical Measurements 

	Experimental Results 
	Simulation Experiments 
	Measurement of Slug Flow Velocity in Small Channels 

	Conclusions 
	References

