Hindawi

Mathematical Problems in Engineering
Volume 2021, Article ID 7246488, 12 pages
https://doi.org/10.1155/2021/7246488

Hindawi

Research Article

Time-Frequency Characteristics of Fluctuating Pressure on the
Bottom of the Stilling Basin with Step-Down Floor Based on
Hilbert—-Huang Transform

Wang Jia @®, Mingjun Diao (), Lei Jiang ), and Guibing Huang
State Key Laboratory of Hydraulics and Mountain River Development and Protection, Sichuan University,

24 South First Ring Road, Wuhou District, Chengdu 610065, China

Correspondence should be addressed to Mingjun Diao; diaomingjun@scu.edu.cn

Received 20 July 2021; Revised 10 August 2021; Accepted 16 August 2021; Published 7 September 2021
Academic Editor: Francesco Aristodemo

Copyright © 2021 Wang Jia et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Fluctuating pressure is an important feature of the bottom of a stilling basin with step-down floor. To analyze the frequency
domain characteristics and energy distribution of this fluctuating pressure, the Hilbert-Huang transform (HHT) method is used.
First, empirical mode decomposition is performed on the pressure fluctuation signal to obtain a number of intrinsic mode
functions (IMFs), and then the Hilbert transformation is performed on each IMF to obtain the Hilbert spectrum and marginal
spectrum for characterizing the pressure fluctuation signal. The results show that the fluctuating pressure signal of the stilling
basin with step-down floor has obvious characteristics of low frequency and large amplitude. The dominant frequencies of the
head and tail of the stilling basin are very prominent, and most of the energy is concentrated below 5.0 Hz; with the increase in the
relative position of the measuring point, the energy distribution in stilling basin with step-down floor changes from high-
frequency component to low-frequency component. The fluctuating pressure signal of the stilling basin with step-down floor has
random amplitude modulation and frequency modulation. The marginal spectrum obtained by the HHT method can obtain the

local characteristics of the signal more accurately and is more suitable for processing nonlinear and nonstationary signals.

1. Introduction

In recent years, with the continuous increase in the number
of high dam water conservancy projects, research on energy
dissipation and antiscouring technology under high water
head and high flow conditions has become increasingly
important [1]. To this end, researchers have proposed a
series of new energy dissipation structures to meet the
energy dissipation requirements under such extreme con-
ditions. Stilling basin with step-down floor is a represen-
tative new energy dissipation structure [2]. Figure 1 shows a
schematic diagram of a conventional stilling basin and a
stilling basin with step-down floor. The stilling basin with
step-down floor has a sill at the head of the conventional
stilling basin to improve the hydraulic properties of the
stilling basin floor. When the water flow is injected into the
stilling basin, the main flow does not submerge below the

surface or form a surface flow. On the one hand, this ap-
proach reduces the impact pressure on the bottom of the
stilling basin; on the other hand, it reduces the impact on
downstream navigation. In addition, compared with con-
ventional stilling basins, the sloping underflow stilling basin
can not only ensure a higher energy dissipation rate but also
significantly reduce the erosion of the bottom plate in the
stilling basin [3]. Because of its many advantages, an in-
creasing number of high dam projects have adopted this
form of energy dissipation.

For a conventional stilling basin or a stilling basin with
step-down floor, the fluctuating pressure on the bottom of
the basin is an important cause of erosion damage [4]. The
violent pulsation of hydrodynamic pressure on the bottom
of the stilling basin results in an increase in the instanta-
neous load acting on the bottom, which increases the
possibility of vibration and cavitation of the bottom. In
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FIGURE 1: Structure diagram of stilling basin: (a) conventional stilling basin; (b) stilling basin with step-down floor.

engineering practice, it is not uncommon for the fluctuating
pressure to cause instantaneous instability and destruction
of the bottom plate of a stilling basin [5], such as the serious
damage to the stilling basin bottom plate of the Sayan hydro-
power station in the former Soviet Union and the anchor
bars of the bottom floor of the stilling basin that were broken
or pulled during the operation of the Malpaso Project in
Mexico. Therefore, studying the fluctuating pressure char-
acteristics of a stilling basin with step-down floor is very
significant for engineering practice.

To understand the basic characteristics of the fluctuating
pressure at the bottom plate of a stilling basin with step-
down floor, many scholars have carried out related research.
In existing research, the mathematical statistics method and
the power spectrum analysis approach are the two most
commonly used methods for studying the characteristics of
the fluctuating pressure in a stilling basin with step-down
floor.

Thus, Lu et al. [6] studied the pulsating pressure dis-
tribution of the bottom of the stilling pool and provided a
research method that combines the quantitative analysis of
pulsating velocity, pulsating vortex, and other influencing
factors with the qualitative analysis of pulsating vortex.
Armenio et al. [7] studied the turbulent pressure fluctuations
at the bottom of the stilling basin with step-down floor,
focusing on the analysis of the extreme value of the pulsating
pressure anisotropy field and the spatial correlation struc-
ture; Kazemi et al. [8] studied the distribution of fluctuating
pressure and the location of the most severe fluctuating
pressure through the physical model. Yang et al. [9] con-
ducted a comprehensive analysis of the distribution law and
time-frequency characteristics of the pulsating pressure on
the floor of the slam still basin through model tests.
Mathematical statistics and spectrum analysis methods are
helpful to further understand the characteristics of the
fluctuating pressure. However, stilling basin on step-down
floor fluctuating pressure signal has certain nonstationary
characteristics and insufficient to study it only in the time
domain. Traditional Fourier transform analysis can trans-
form the entire signal from the time domain to the frequency
domain for analysis, but a disadvantage of this approach is
that it cannot reflect the instantaneous frequency change in
the signal. Later, some scholars adopted the windowed
Fourier transform technique to obtain the time-frequency
characteristics of the fluctuating pressure. However, this
method also has certain drawbacks. For example, once the

window function is selected, it cannot be modified arbi-
trarily, and the influence of the window function on the
result is difficult to estimate.

In 1998, Huang et al. a Chinese-American scientist
proposed a new signal processing method called the Hil-
bert-Huang transform (HHT) [10]. The HHT method first
decomposes the signal into several intrinsic mode functions
(IMFs) through empirical mode decomposition (EMD) and
then performs a Hilbert transform on each IMF component
to obtain the instantaneous frequency and instantaneous
amplitude of each IMF, thereby constructing the output of
the time-frequency energy distribution of the signal, that is,
the Hilbert spectrum. The decomposition basis of the HHT
method depends on the signal itself, so it has good adapt-
ability, and because the method is decomposed with EMD, it
also has the physical meaning of the EMD method and high
time-frequency resolution [11]. Compared with the Fourier
transform and wavelet transform, the HHT method can
decompose the signal according to the inherent character-
istics of the signal without artificially setting the basis
function, and its high efficiency and adaptability are very
suitable for processing nonlinear and nonstationary signals.
Table 1 shows the advantages and disadvantages of fast
Fourier transform, wavelet transform, and Hilbert-Huang
transform.

It can be seen from the table that the HHT method does
not need the stability and nonlinearity of the original signal
and does not need to set the basis function in advance [12].
The marginal spectrum reflects the actual change of the
signal more accurately. In dealing with nonstationary and
nonlinear data, Hilbert-Huang transform is more suitable
than fast Fourier transform and wavelet transform [13].
Therefore, the HHT method is widely used in various fields.

In the biomedical field, the HHT method is often used for
signal feature extraction. Especially in recent years, re-
searchers have verified the effectiveness of this method when
studying the time-frequency characteristics of human brain
activity signals [14]. Thus, Kumar et al. [15] used the HHT
method to recognize the power quality event and made it an
attractive tool for analysis of power quality events;
Hemapriya et al. [16] used Hilbert-Huang transform (HHT)
to detect and identify complex power quality signals in smart
grid power systems. This document analyzes the IMF
components in detail and extracts the information of the
original signal carried in the Hilbert spectrum. As a pro-
cessing technique for nonstationary signals, the HHT
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TaBLE 1: Common signal processing methods.

Method Merit

Defect

Fast Fourier

transform Complete theory and mature method

(1) Unable to extract local features from data
(2) Not suitable for nonlinear and
nonstationary data

(3) Predetermined basis function

(4) Fourier spectrum can only approximately
reflect the actual situation

(1) Complete theory; methods mature
(2) Nonstationary signals can be processed
Wavelet transform

(3) Simultaneous energy-time-frequency information

(1) Not suitable for nonlinear data

(2) Need to define base functions in advance
(3) Intrawave frequency modulation cannot
be given

(4) Interwave frequency modulation can be given

(1) No requirements for data stability and nonlinearity
(2) EMD decomposition does not require presupposition basis

Hilbert-Huang function

transform

(3) Simultaneous energy-time-frequency information

Incomplete theory belongs to empirical
method

(4) Instantaneous frequency has physical meaning and can reflect

local characteristics of signal more accurately

(5) Marginal spectra accurately reflect the actual situation

method can decompose the fluctuations or trends at dif-
ferent scales in the signal step by step and can describe the
degree of nonstationarity of the signal. It can quickly and
effectively capture signal transient characteristics and is very
suitable for use in signal recognition, signal detection, and
signal decomposition. The HHT method has played an
enormous role in signal processing such as power systems
biomedical and high-voltage transmission line protection.
The abundant information contained in the fluctuating
pressure signal of the stilling basin with step-down floor is of
great value for theoretical research and engineering appli-
cations in stilling basin with step-down floor. It is necessary
to study how the signal spectrum changes with time.

Therefore, this research attempts to use the HHT method to
analyze the fluctuating pressure signal and to study the fluc-
tuating pressure signal on the bottom plate of a stilling basin
with step-down floor from a perspective that is different from
the traditional one. First, EMD is used to extract the pressure
measurement points, the IMF weight. Subsequently, using the
Hilbert transform, the instantaneous amplitude and frequency
of the IMF components at each measurement point were
determined, and the time-frequency distribution and ampli-
tude distribution of the fluctuating pressure signal were ob-
tained. Based on the above results, the main frequency
characteristics, time-frequency characteristics, and energy
change laws of the fluctuating pressure of the stilling basin with
step-down floor are analyzed. Finally, by comparing and an-
alyzing the consistency of the spectrum analysis results with the
flow pattern and the fluctuating pressure coefficient distribu-
tion law, the applicability of the HHT method in analyzing the
fluctuating pressure signal of the stilling basin with step-down
floor is proven.

2. General Model Test Setup

The physical model test system is composed of water supply
system, rectangular weir, upstream reservoir, drainage
channel, WES weir, and stilling pool. The model is made of

organic glass. The length of the stilling pool is 2 m, the width
is 0.5 m, the height of the tail sill is 0.2625 m, the height of the
falling sill is 0.1 m, and the incident angle is 10°. The straight
line segment is a steep slope drainage chute with a rect-
angular section with a slope of 53°. The schematic diagram of
the model and the photo of the model are shown in Figure 2.

In order to study the characteristics of the water flow in
the stilling basin of the falling sill under different working
conditions, this paper designed four different flow experi-
mental conditions: 30 m®/s, 50 m*/s, 70 m*/s, and 90 m?/s.
The flow of the model is controlled by a rectangular thin-
walled weir with an accuracy of 0.1 mm. Table 2 shows the
four experimental conditions of the model test.

In order to describe the position of the pressure mea-
surement point, a one-dimensional coordinate system with
the central axis of the bottom of the stilling pool as the x-axis
is established, and the coordinate origin is set at the in-
tersection of the front end of the bottom of the stilling pool
and the central axis. A total of 8 measuring points are
arranged along the central axis of the stilling pool. The orifice
diameter of the pressure measuring point is 2.0 mm. The
relative position # of the measuring point is # = x/L, where L
is the length of the stilling pool, and the unit is m. Table 3
shows the relative position of each measuring point.

This article uses the SDA1000 high-performance digital
sensor system to collect and process the pulsating pressure.
In order to measure the pulsating pressure of the eight
characteristic points on the bottom of the stilling pool at the
same time, this experiment connects eight sensors to the hub
and then connects the hub to the computer. The sampling
frequency is f= 100 Hz, the sampling time is £ = 240 s, and the
total number of samples is N =24000.

2.1. Basic Principles and Characteristics of the HHT. 'The basic
idea of the HHT is to first decompose the signal into several
intrinsic mode functions through EMD and then perform
Hilbert transformation on each intrinsic mode function to
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FIGURE 2: Model experiment setup: (a) the schematic diagram of the model; (b) the hub connected to the computer; (c) the sensor inserted
on the bottom of the stilling pool; (d) the height of the slam and the angle of incidence; (e) the positional relationship of the measuring points

on the bottom of the stilling pool.

obtain instantaneous frequency data [17]. The instantaneous
frequency and instantaneous amplitude data of the signal are
used to construct the time-frequency energy distribution of
the signal, namely, the Hilbert spectrum [18]. The imple-
mentation steps of the HHT method are shown in Figure 3.
Taking time series data X, as an example, the empirical
mode decomposition algorithm is expressed as follows:

X(1) =) ¢ (8) +7,(t), (1)
k=1

where ¢ () is the IMF component and r, (t) is the residual
function, which represents the average trend of the signal.

Each IMF component contains components of different
scales and scales from small to large [17]. Therefore, each
component contains components from the high-frequency
band to the low-frequency band, and each frequency band
contains different frequency components, which vary with
the signal itself [18].

The Hilbert transform is used to perform spectrum
analysis on each IMF component to obtain the Hilbert time
spectrum, referred to as the Hilbert spectrum, denoted as
follows [17]:

H(w,t) = Reiai e J “ (t)dt.

i=1

(2)

The Hilbert marginal spectrum is obtained by the time
integral of the Hilbert spectrum as follows:

T
h(w) = JH(w, £dt. (3)
0

2.2. Pulse Pressure Signal Processing. In the model test, the
pulsating pressure signals at eight characteristic points on
the stilling basin with step-down floor were measured under
four flow rates, and the sampling time of the pulsating
pressure sensor was 240s. In the model test, due to the
existence of various noises, the fluctuating pressure signal of
the stilling basin floor often produces distortion, so it is
necessary to use a signal processing method to restore the
true signal of fluctuating pressure. In this paper, the least
square method and five-point cubic smoothing method are
used to reprocess the fluctuating pressure signal of the
stilling basin with step-down floor.

First, the IMF component is obtained through empirical
mode decomposition. This section uses EMD to gradually
decompose the fluctuations or trends of different scales in
the signal. Each sequence is called an IMF. The decomposed
IMF components accurately reflect the fluctuating pressure
signal and the inherent characteristics [19]. When
Q=90m’/s is selected, the fluctuating pressure signal at the
measuring point #=0.025 is subjected to EMD. Nine IMF
components and 1 residual term are obtained through EMD.
The nine IMF components and its corresponding Fourier
spectrum are shown in Figure 4.

Figure 4 shows that the original signal is decomposed
into 10 IMF components. The decomposition process does
not need to rely on any basis functions. The IMF compo-
nents are decomposed according to the characteristics of the
original signal. Therefore, this article considers the EMD
decomposition process to be an adaptive process. It can be
seen from Figure 4 that IMF1 has the widest frequency band.
According to the order of decomposition, the frequency
band of the decomposed IMF components gradually nar-
rows. IMF1 and IMF2 are the high-frequency bands of the
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TaBLE 2: Table of experimental conditions.
Test plan Q (m?/s) q H (m)
a 30 0.06 131.12
b 50 0.10 134.40
c 70 0.14 136.88
d 90 0.18 139.20
TaBLE 3: The measuring point position table on the central axis of the bottom plate of the stilling pool.

Measuring point number n
P1 0.025
P2 0.075
P3 0.125
P4 0.175
P5 0.225
P6 0.325
pP7 0.45
P8 0.64

signal, showing the characteristics of high frequency and fast
attenuation, and the energy is mainly concentrated on these
two components; IMF3, IMF4, and IMF5 are between 1 and
5.0Hz; IMF6 ~ IMF10 are low-frequency bands, which
contain very little energy.

The IMF components are decomposed from large to
small time scales, and the frequency of the IMF components
decreases with the decomposition. The IMF components
decomposed by EMD have practical physical meaning and
can reflect the local characteristics of the signal more ac-
curately. There may be components with the same time scale
and frequency in each IMF component, but they do not
appear at the same local location of each component, sug-
gesting that each IMF component truly reflects any local
oscillation in the original signal [18].

Next, we apply Hilbert-Huang transform to the
decomposed IMF components to obtain the Hil-
bert-Huang spectra of each component. When Q =90 m?®/
s, the fluctuating pressure signal at #=0.025 on the central
axis of the stilling basin with a drop sill is decomposed by
EMD to obtain 10 IMF components. Each IMF compo-
nent is subjected to the Hilbert transform to obtain its
energy-frequency-time Hilbert-Huang spectrum [17].
This paper uses IE to represent the energy value of the
Hilbert-Huang spectrum of IMF components. Since the
energy contained in the final IMF component is very
small, Figure 5 shows the Hilbert spectrum of the first 6
IMF components, which describes the local change
characteristics of the signal in the time domain and fre-
quency domain.

As shown in Figure 5, the Hilbert spectrum of each IMF
component shows the variation of energy with frequency
and time and can also reflect the corresponding instanta-
neous frequency and time when the energy reaches its peak.
The energy of IMF1 is concentrated in 0~15 Hz, the energy of
IMF2 is concentrated in 0~10Hz, the energy of IMF3 is
concentrated in 0~5Hz, and the energy of IMF4 is con-
centrated in 0~3 Hz. According to the decomposition order,
the Hilbert energy gradually decreases and the frequency

band gradually narrows, indicating that the EMD de-
composition gradually separates the signal components
from high to low frequencies; the instantaneous energy
and instantaneous frequency of IMF components change
with time, indicating that each IMF component has the
form of frequency and amplitude modulation; the fre-
quency of each IMF component changes with time, and the
change of its waveform means that the frequency mod-
ulation within the wave occurs; the frequency difference of
different IMF components indicates the modulation be-
tween waves, and the fluctuating pressure signal is a
complex signal with both interwave frequency modulation
and intrawave frequency modulation, which is due to the
impact of the drained water on the stilling basin floor, the
vortex rotation speed inside the water is very fast, and the
lateral movement of the fluid particle is very strong, so that
the flow is highly turbulent, and the fluctuating hydro-
dynamic pressure is very intense. The Hilbert-Huang
transform shows the nonlinear and nonstationary prop-
erties of pressure pulsation [20], and it truly reveals that
the pressure pulsation signal has nonlinear random
modulation and impact properties [21].

Next, this article integrates the results of the Hilber-
tHuang transform with respect to time to obtain the Hilbert
marginal spectrum. The Hilbert marginal spectrum has a
certain probability meaning. The existence of energy at a
certain frequency indicates that the vibration of that fre-
quency may occur. Then, the frequency corresponding to the
maximum value of the marginal spectrum amplitude is the
most likely vibration frequency, which is the dominant
frequency that this article is most concerned about. This
article will use the Hilbert marginal spectrum to study the
energy transfer law of pulsating pressure signals. Figure 6
shows the Hilbert marginal spectrum of the characteristic
points on the bottom of the stilling pool under different flow
rates. Tables 4 and 5 are the dominant frequency table and
the marginal spectrum amplitude table of the different
characteristic points on the central axis of the bottom of the
stilling pool.
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FiGUre 4: The IMF components and its Fourier spectrum.

It can be seen from Figure 6 and Tables 4 and 5 that when
Q=30m’/s, at =0.025, the dominant frequency is 5.0 Hz,
and the marginal spectrum amplitude is 9.2 x10% at
#=0.075, the dominant frequency is 3.6 Hz, and the mar-
ginal spectrum amplitude is 10.3x10*Pa; the dominant
frequencies of the other positions are less than 5.0 Hz. When
Q=50m?/s, at #=0.075, the marginal spectral amplitude
reaches the peak value of 4.19 x10°Pa, the marginal spectral

amplitude decreases gradually after the peak point, and the
dominant frequency at all feature points is less than 5.0 Hz.
When Q=70m?/s, at #=0.075, the marginal spectral am-
plitude reaches the peak value of 1.2 x107Pa, the marginal
spectral amplitude decreases gradually after the peak point,
and the dominant frequency at all feature points is less than
5.0 Hz. When Q=90m’/s, at #=0.075, the amplitude rea-
ches the peak value of 2.04 x10”Pa. After the peak point, the
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FiGure 5: Hilbert spectra of the first 6 IMF components.

marginal spectrum amplitude gradually decreases, and the
dominant frequency at all feature points is less than or equal
to 5.0 Hz.

In summary, the dominant frequencies of the charac-
teristic points of the stilling basin floor are not more than
5.0 Hz, and the fluctuating pressure distribution has obvious
low-frequency characteristics. The fluctuating energy in the
swirling region of water flow in front of stilling basin is
mainly distributed within 0~5.0 Hz. The water flow in the
back of the stilling basin is relatively stable, and the fluc-
tuating energy is mainly distributed within 0~2.5Hz. The
dominant frequency in the front of stilling basin is greater
than that in the middle and back. It indicates that stilling
basin has a good energy dissipation effect; the amplitude of
the marginal spectrum at #=0.075 is much larger than that
at other positions, indicating that the jet impingement point
on the stilling basin floor is located near # = 0.075. The water
flow in the impingement zone is highly turbulent, and the
pressure fluctuation is very intense. Near the jet impinge-
ment point, the signal energy is mainly concentrated in the
low-frequency region; that is, the energy is mainly con-
centrated in the large-scale fluid vortex [22].

3. Discussion

3.1. Energy Conversion of IMF Components. This paper di-
vides the IMF obtained by EMD into three frequency bands:
low-frequency band (less than 1 Hz), midfrequency band (1
to 5 Hz), and high-frequency band (above 5 Hz). To facilitate
the analysis of the law of the energy change with the relative
position, the energy of each IMF order of the fluctuating
pressure signal is calculated, that is, the mean square value;
in addition, the percentage of energy in the high-, middle-,
and low-frequency bands is obtained, giving a curve with

respect to the relative position change. In this paper, ER is
used to represent the proportion of energy. Figure 7 shows
the trend of low-, medium-, and high-frequency energy
under different flow rates.

It can be seen from Figure 7 that when Q=30m%/s,
Q=50m?/s, Q=70m?/s, and Q=90 m’/s, the proportion of
high-frequency energy decreases with the increase in the
relative position 7 of the measuring point. The proportion of
medium-frequency energy and low-frequency energy in-
creases gradually. The distribution of energy changes from
low-order IMF component to high-order IMF components.
The high-frequency components are dominant, and the low-
frequency component is dominant. The conversion process
of this energy distribution is mainly caused by the low-
frequency modulation of fluid particle motion. According to
the basic theory of turbulence, the high-frequency band
mainly exists in the fluid vortex with small scale, and the
low-frequency band mainly exists in the fluid vortex with
large scale. The energy of the fluctuating pressure signal
changes from high-frequency dominant to low-frequency
dominant, which means that the small-scale vortex in the
stilling basin with step-down floor changes into large-scale
vortex [23]. The Hilbert-Huang transform directly reveals
the inherent law that the energy distribution of IMF com-
ponent of EMD decomposition of the pressure pulsation
signal changes with the relative position of the measuring
point [24].

3.2. Fourier Spectrum and Marginal Spectrum. First, the fast
Fourier transform is used to analyze the pulsating pressure,
and the power spectral density of the pulsating pressure is
calculated. Figure 8 shows the TX15 stilling pool. Figure 8
shows the power spectrum density and marginal spectrum of
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Figure 6: Marginal spectra of characteristic points: (a) Q=30m?/s; (b) Q=50m’/s; (c) Q=70m?/s; (d) Q=90m’/s.
TaBLE 4: Frequency advantage table (Hz).
Q (m?/s) n=0.025 n=0.075 n=0.125 n=0.175 n=0.225 n=0.325 n=10.450 7 =10.650
30 5 3.6 3.3 2.4 2.1 1.8 1.8 2
50 3.6 4.1 4.6 34 2.4 1.9 1.1 1.1
70 4.6 3.8 4.2 3.6 2.5 1.9 1.8 1.8
90 4.6 5 5 3.6 3.3 2.3 2.4 2.2

the characteristic points of the bottom plate of the stilling
basin when Q=0.09 m?/s.

By observing the power spectral density of the fluctu-
ating pressure at the characteristic points in Figure 8, it can
be found that the dominant frequency of fluctuating pres-
sure in the front of the stilling basin with step-down floor is

within 1.0 Hz, and the fluctuating energy is mainly con-
centrated in the frequency band of 0~10.0 Hz. The dominant
frequency in the middle of the stilling basin with step-down
floor is within 1~5.0 Hz, and the energy is concentrated in
the low-frequency region; the dominant frequency of the
stilling basin with step-down bottom is within 1.0 Hz, and
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TABLE 5: Marginal spectral amplitude table (x10* Pa).
Q (m?/s) n=0.025 n=0.075 n=0.125 n=0.175 n=0.225 n=0.325 n=10.450 7 =10.650
30 9.2 10.3 59 2.3 2.1 1.8 8.4
50 168 419 78.5 37 26.8 23.6 7.4
70 340 1200 226 91.3 69.6 46 21.6
90 540 2040 430 144 133 113 88.6 46.5
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F1GURE 7: Proportions of energy in the high-, medium-, and low-frequency bands of each feature point: (a) Q=30m’/s; (b) Q=50 m*/s;

(c) Q=70m?/s; (d) Q=90 m?/s.

the pulsating energy is mainly concentrated in the frequency
band of 0~5.0Hz. In the jet impingement region, the
fluctuating pressure is controlled by large-scale vortex with
large amplitude and low frequency, and its power spectrum
is within 10.0 Hz. The dominant frequency of the jump head
and the jump tail is more prominent, and the dominant
frequency is distributed within 1.0 Hz. The proportion of
high-frequency energy in the middle of the hydraulic jump
increases, and the dominant frequency moves to high
frequency.

By observing the Hilbert marginal spectrum of the
feature points in Figure 8, it can be found that the dominant
frequency of the stilling basin with step-down floor at the

head and tail is very prominent, and most of the energy is
concentrated below 1.0 Hz. The relative proportion of high-
frequency energy in the middle segment of the stilling basin
increases, and the dominant frequency moves to high fre-
quency. This is consistent with the law obtained by Abdul
Khader and Elango [25] and other scholars on the variation
of pressure pulsation at the bottom of the hydraulic jump
zone. Through comparative analysis, it is found that the FFT
method and HHT method are consistent, which verifies that
the HHT method is suitable for the analysis of fluctuating
pressure signal of stilling basin with step-down floor.
From a probabilistic point of view, the Fourier spectrum
can only reflect the probability that the frequency actually
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Figure 8: Hilbert marginal spectrum and power spectrum density diagram of characteristic points when Q=0.09 m*/s: (a) 7 =0.025;
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exists in the signal, while the marginal spectrum can most
truly reflect the characteristics of vibration, especially when
analyzing nonstationary and nonlinear signals, the HHT
method has more advantages. In the article “Feature Ex-
traction of Ship Acoustic Signal Based on Hilbert-Huang
Transform,” Billy [26] mentioned that theoretically the
frequency resolution of Hilbert’s marginal spectrum is at
least twice higher than that of Fourier theory, the advantage
of the Hilbert marginal spectrum over Fourier amplitude
spectrum, and its higher frequency resolution ability; Hwang
et al. also concluded in “A note on analyzing nonlinear and
nonstationary ocean wave data” that the resolution of the
marginal spectrum of HHT is significantly higher than that
of the Fourier power spectrum [27]. In this paper, when
Q=90 m?*/s, the pulsating pressure signals of 8 characteristic
points on the bottom of the stilling basin with step-down
floor are processed by the HHT method and the FFT method,
respectively. The results show that the resolution of the
marginal spectrum obtained by the HHT method is higher,
the local characteristics of the signal can be obtained more
accurately, and the fluctuation characteristics of the mar-
ginal spectrum amplitude are more clearly reflected.

4. Conclusion

In this study, the HHT method was used to analyze the
pulsating pressure signal, and the pulsating pressure signal
on the stilling basin with step-down floor was studied from a
different perspective from the traditional perspective, and
the following conclusions were obtained:

(a) The pulsating pressure signal of the bottom of the
stilling basin with step-down floor has obvious
characteristics of low frequency and large ampli-
tude; near the jet impact point, the signal energy is
mainly concentrated in the low-frequency region;

that is, the energy is mainly concentrated in the
large-scale fluid vortex; the dominant frequency at
the head and tail of the stilling basin is very
prominent, and most of the energy is concentrated
below 1.0 Hz. In the middle section of the stilling
basin, the relative proportion of high-frequency
energy increases, and the dominant frequency
moves to high frequency; as the relative position of
the measuring point increases, the energy distri-
bution in the stilling basin with step-down floor
changes from high-frequency component to low-
frequency component, and the small-scale vortex
in the stilling basin with step-down floor is
transformed into large-scale vortex.

(b) The strong lateral movement of the water particle
in the stilling basin with step-down floor causes
the pulsating pressure signal to be a complex signal
with interwave frequency modulation and intra-
wave frequency modulation. The Hilbert-Huang
transform shows the nonlinear and nonstationary
nature of the pressure pulsation and at the same
time truly reveals that the pressure pulsation signal
has nonlinear and random amplitude modulation
and frequency modulation.

(c) Compared with the FFT method, the marginal
spectrum obtained by the HHT method has higher
resolution, more accurately obtains the local char-
acteristics of the signal, and is more suitable for
processing nonlinear and nonstationary signals.
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