0 water
]

Article

Research on Flow Field Characteristics of a Three-Plate Vertical

Rotary Gate

Houyi Qi !, Xiao Zhang "?>3*, Yuxue Sun !, Xinyu Ji !, Dong Tian 3, Chao Sun 3, Zhenzhen Xue ? and Yanshun Liu 1*

check for
updates

Academic Editor: Giuseppe Pezzinga

Received: 30 December 2024
Revised: 2 February 2025
Accepted: 4 February 2025
Published: 6 February 2025

Citation: Qi, H.; Zhang, X.; Sun, Y, Ji,
X.; Tian, D.; Sun, C.; Xue, Z.; Liu, Y.
Research on Flow Field Characteristics
of a Three-Plate Vertical Rotary Gate.
Water 2025, 17,456. https://doi.org/
10.3390/w17030456

Copyright: © 2025 by the authors.
Licensee MDP], 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/).

Institute of Geotechnical and Underground Engineering, Shandong University, Jinan 250061, China;

201920539@mail.sdu.edu.cn (H.Q.)

2 Laoshan Laboratory, Qingdao 266200, China

3 Shandong Fangneng New Growth Drivers Institute Co., Ltd., Weifang 261200, China;
Xixixia02018@163.com (Z.X.)

*  Correspondence: sduzhangxiao@sdu.edu.cn (X.Z.); 202014974@mail.sdu.edu.cn (Y.L.)

Abstract: Steady-state and transient hydraulic characteristics of a novel three-plate vertical
rotary gate were analysed through physical model experiments and numerical simulations.
An experimental gate system was built to analyse the flow characteristics of the gate, and a
steady-state flow prediction model was proposed. Steady-state numerical simulations of the
gate were conducted to analyse flow field distribution characteristics. A transient numerical
model of the gate was established to analyse the flow field distribution characteristics
during opening and closing. The discharge coefficient evolution law under different speed
conditions was revealed. Under various water levels, the steady-state discharge coefficient
of the gate was similar. Within a 0-90° opening, the discharge coefficient grew exponentially.
A steady-state flow prediction model for the gate revealed a prediction error of <7%. The
discharge coefficient of the gate increased with decreasing opening speed; when the gate
was closed, it exhibited asymmetric variation characteristics. The flow hysteresis effect
was more evident at higher speeds. Plate 2 experienced the maximum flow force. In the
transient state, the flow force acting on the plates exhibited a periodic fluctuation pattern,
and the maximum flow force increased with the gate speed. A reference for the design and
application of fast opening and closing gates is provided.

Keywords: sluice gate; flow field characteristics; steady-state and transient simulation;
discharge coefficient; flow prediction model

1. Introduction

A sluice gate is an important component of hydraulic structures that can be used to
intercept water flow, control water levels, regulate flow rate, and discharge sediment and
floating debris. There are several types and classifications of gates, and different gate types
are suitable for various engineering conditions. According to their structural form, gates
can be divided into plane [1-3], radial [4-6], mitre [7,8], arched [9,10], and sector [11,12]
gates. However, these gates can only be opened and closed under static water conditions
or at a slower speed under dynamic water conditions to ensure their stability and safety
during operation [13-17]. Currently, there is no research on gates that can be opened or
closed quickly or periodically.

The study of flow field characteristics is crucial for the design and safe operation of
gates. Many scholars have conducted studies on the steady-state flow fields of gates using
methods such as prototype observation experiments, physical model experiments, and
numerical simulations. Bijankhan [18] improved the original gate flow formula of Ferro [19]
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and Shahrokhnia [20] using dimensional analysis and the incomplete self-similarity theory
based on flume experimental data. Marashi [21,22] analysed the relationship between the
flow rate of a semicircular rotary gate and the water level in front of the gate, gate opening,
and submergence depth through model experiments. In addition, a flow calculation
formula for semicircular rotary gates was established. Norouzi [23] studied the influence
of gate sills with varying shapes and widths on the vortices near sluice gates. Elgamal [24]
proposed setting a rotor upstream of the gate to control the upstream water level and
analysed the hydraulic performance of gates with different rotor shapes. Kim [25] and
Jung [26] used Flow-3D to establish large-scale three-dimensional water gate models for the
Changnyeong-Haman and Saemangeum tidal dikes, respectively. They comprehensively
analysed the hydraulic characteristics of the downstream section of the water gate, such as
the average flow velocity and maximum flow velocity at the bottom, under various working
conditions, and evaluated the operation status of the water gate. Shen [27] used numerical
methods to simulate the unstable flow of a plane gate and predicted the three-dimensional
flow field in the vicinity of the plane gate with a submerged discharge. Daneshfaraz [28,29]
used FLOW-3D software (edition 11 version 2) to study the effect of integration on the flow
field of labyrinth sluice gates and provided a general formula for calculating the discharge
coefficient through gates with various sill states. Gtil [30] used Reynolds-averaged Navier—
Stokes (RANS) equations with the volume of fluid (VOF) and k-epsilon turbulence models
to numerically simulate a sluice gate and analysed the influence of variable-sized energy-
dissipating blocks on the flow field of the sluice gate. Yan [31] proposed a convolutional
neural network (CNN) to predict the flow field around a sluice gate. Daneshfaraz [32]
simulated the influence of the geometric shape and sill size on the flow field of a sluice
gate. Rentachintala [33] developed a generalised equation for the elementary discharge
coefficient of a skew side sluice gate both for free and submerged flow conditions and
evaluated the discharge characteristics of the skew side sluice gate. Meng [34] studied a
novel trapezoidal sluice gate designed for water division and flow control within irrigation
networks featuring canals with trapezoidal cross-sections.

Some scholars have also researched the transient flow fields of gates. Wang [35]
investigated the hydraulic characteristics of a vertical U-shaped gate under varying flow
rates and gate openings through model testing cooperating with numerical simulation and
analysed the hydraulic evolution process. Shen [36] used the VOF model and large eddy
simulation (LES) method to successfully capture the transient turbulent characteristics of
flow under different water flow conditions and analysed the influence of opening on the
vortex structure characteristics near the gate. Takagi [37] studied the effect of the opening
speed of the gate on a dam break and found that the gate speed affected the jet volume and
pressure near the gate. Based on the RNG k-epsilon turbulence model, Li [38] studied the
influence of the gate closing speed and control amplitude on the water flow movement in a
pool and the hydraulic characteristics of the pressure tunnel during the gate control process.
They provided reference suggestions for the safe operation and emergency control of water
distribution hub projects. Zhang [39] conducted three-dimensional numerical simulations
of a transient flow field during the opening and closing processes of gates with different
bottom-edge forms. Currently, research on the flow field characteristics of gates mainly
focuses on the steady-state flow field at different opening degrees, and there is relatively
little research on the transient flow field characteristics of gates at different opening and
closing speeds.

In this study, a new type of gate was designed for a scenario that requires rapid
opening and closing of the gate. First, physical model experiments were conducted on the
gate, and a steady-state flow prediction model was established. Subsequently, a steady-state
numerical simulation was conducted on the hydraulic characteristics of the gate at different
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openings using a steady-state model, and the evolution laws of the pressure, flow velocity,
and dynamic hydraulic force of the gate in the flow field were analysed. Finally, transient
numerical simulation methods were used to study the transient flow field characteristics
during the opening and closing processes of the gate. Considering the different opening
and closing speeds of the gate, a variation curve of the discharge coefficient during the gate
opening and closing processes was established. By analysing the hydraulic characteristics
near the gate under different operating conditions and the changes in the flow force during
the gate opening and closing processes, reliable references can be provided for future
similar engineering applications.

2. Materials and Methods
2.1. Design of Three-Plate Vertical Rotary Gate

A novel three-plate vertical rotary gate was designed and developed, and the structure
is illustrated in Figure 1. The plates are connected to the main structure using bearings,
seals, and shafts; furthermore, they are connected to a motor through a shaft, gears, and
couplings, and rotate using the motor. The number of plates was set based on the width
of the water channels. The total size of the internal section of the gate was 0.3 x 0.2 m.
To reduce the force on the plates during rotation, three plates were set with a size of
0.1 x 0.2 x 0.005 m. The gate simultaneously controlled multiple plates to open and close
differentially to regulate system flow during operation. The gate opened and closed once
every 0.9 s, with the characteristic of fast response. When the gate was opened and closed,
the hydrodynamic load was evenly distributed on each plate; thus, the operating force of
the gate was relatively small.

— Motor

_~ Coupling
//Gear .
i o T v a7 Bearing
- Seals

Shaft

Plat
\\ ate

Connection board

Figure 1. Structure of three-plate vertical rotary gate.

2.2. Experimental Setup

An experimental system was constructed and tested to study the flow characteristics
of the new gate type. The experimental system included a constant-pressure water tank,
water channel, rotary gate, flume, lower water tank, electromagnetic flowmeter, centrifugal
pump, and pipelines. The layout of the experimental setup is shown in Figure 2.

The water channel was fabricated from organic glass for easy observation of water
flow patterns. The length of the channel was 3.0 m, and the cross-sectional size of the gate
section was 0.3 x 0.2 m. A rotary gate was placed inside the water channel. The water
channel inlet was a constant-pressure water tank, and an overflow device was installed
next to the water tank to control the water level. A flat gate was installed inside the water
tank to control the conduction and cessation of the experiments. The flume was the outlet
of the water channel. The constant pressure water tank and flume were equipped with
water-level sensors to monitor the water-level height in real time. The end of the flume was
equipped with an overflow plate that maintained the water level in the flume. Water in
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the lower tank was circulated through the pipeline to a constant-pressure water tank. The
installation of an electromagnetic flowmeter and a centrifugal pump in the return water
pipeline can achieve real-time flow monitoring and control in the experimental system.

Constant pressure
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Flat gate

Overflow device
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Figure 2. Composition of the experimental system.

The water channel was located at the core of the experimental system. Seven mea-
suring points were arranged along the centreline of the water channel roof. Owing to the
overall stability of the pressure distribution upstream of the gate and the complexity of
the pressure distribution downstream of the gate, two and five monitoring points were
established in front of and behind the gate, respectively. The specific installation method for
the pressure sensors is shown in Figure 2. The pressure sensor model was SUP-P300, with a
range of 0-20 kPa and an accuracy of 0.5% E.S. The model of the electromagnetic flowmeter
was BTLD-250TB, with a maximum range of 880 m>/h and an accuracy of 0.5% E.S.

Appropriate upstream and downstream water level heights were selected based on
the experimental site conditions. In the experiment, the gate opening was defined as the
angle at which Plate 2 of the gate rotated. The range of gate opening was 0-180°. The gate
plates operated in the opening process between 0-90° and in the closing process between
90-180°. In the experiment, the gate opening range was set to 10-90°. The upstream water
level was controlled using a constant-pressure water tank. The water level range was set
to ~1.0-1.6 m, with a total of 4 experimental groups. The downstream water level was
regulated and controlled using the overflow plate, and the water level remained constant
at 0.4 m during the experiment. Because the bottom of the water tank and the bottom of
the flume were not at the same height (with a height difference of 0.35 m), the actual water
level difference in the experiment was ~0.25-0.85 m. The test conditions and parameters
are listed in Table 1.
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Table 1. Experimental plan.

Group of Working

Water Level of the  Submergence Depth  Actual Water Level =~ Opening Degree of

Conditions Water Tank of the Flume Difference the Gate
H1/m H2/m AH/m 0/°
1 1.0 0.4 0.25
2 1.2 0.4 0.45 10, 20, 30, 40, 50, 60,
3 1.4 0.4 0.65 70, 80, 90
4 1.6 0.4 0.85

The experimental steps of this study were as follows:

(1) Instrument calibration was performed at the beginning of the experiment. When
the water level stabilised, the readings from the water tank level gauge, electromagnetic
flowmeter, and pressure sensor were calibrated separately.

(2) When the constant-pressure water tank reached the set water level, the flat gate
and variable centrifugal pump were opened.

(3) A control system was used to control the opening of the gate and adjust it to the
required opening for the experiment.

(4) The overflow device and centrifugal pumps were adjusted to ensure that the
upstream and downstream water levels satisfied the test conditions. The experimental
measurements commenced.

(5) The upstream water level and gate opening were adjusted separately, and steps
(1)-(4) were repeated.

When the upstream water level and gate opening were adjusted each time, the flow
rate in the system was maintained at a stable level by adjusting the overflow and centrifugal
pumps. Experiments were conducted sequentially according to different gate openings and
water-level differences. Data from the pressure sensor and electromagnetic flowmeter were
recorded only after the readings of the electromagnetic flowmeter stabilised during each
experiment. At least three sets of each operating condition were repeated, and the average
was considered as the test result.

2.3. Numerical Simulation
2.3.1. Governing Equations

Numerical simulations were conducted to investigate the distribution characteristics of
the flow field near the gate. Water was used as the medium in the water channel and was an
incompressible viscous fluid. Without considering heat exchange during the flow process,
the continuity and momentum equations used in the numerical simulation calculations
were as follows:

aui -
Apu;) | Opowiwj) — ap ‘
ot oy ax Moy TP @)

where u; and u; are the instantaneous values of the flow velocity in the i and j directions,
respectively; x; and x; are the coordinates; p is the fluid density; p is the fluid pressure; y is
the dynamic viscosity; F; is the mass force.

The flow near the gate is complex and prone to complex turbulence phenomena such
as flow separation. The gate wall had a significant impact on the nearby flow, requiring
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high requirements for a boundary-layer mesh. Therefore, the SST k—w model was used
for solving and calculating [40-43] as follows:

0 0 0 ok ~

5; (0k) + aTci(pkui) = o, [Tkaxj + Gp — Yi + Sk, (3)
0 0 0 ow
g(pw)_'—aixz(pwul) - ax]|\rwax] +Gw — Yy + Dy + Sw, (4)

where I'y and T, represent the effective diffusivity of k and w, respectively; Gy represents the
generation of turbulence kinetic energy due to mean velocity gradients; Yy and Y, represent
the dissipation of k and w due to turbulence, respectively; Sy and S, are user-defined source
terms; G,, represents the generation of w; D,, represents the cross-diffusion term.

2.3.2. Establishment of Numerical Models

Typically, vortices exist in the flow field behind the gate, and the flow field is more
complex. The upstream length of the sluice gate was set to approximately five times that of
the gate width, whereas the downstream length was approximately 10 times that of the
gate width. The three-dimensional model of the water channel and sluice gate is shown
in Figure 3.

Plate 2 Plate3
Plate 1 — | Pressure outlet

—

ENI.

Interface

" Local refinement
o /\

Mesh of steady-state simulation ~ Mesh of transient simulation

Figure 3. Schematic diagram of geometric model and mesh partition.

Considering the complexity of the computational domain structure, polyhedral grids
were used for all regions. For the steady-state simulation, the flow on the surface and
behind the gate was relatively complex; therefore, the local refinement method was adopted
to capture the turbulent phenomena. A sliding mesh was used for the transient simulation,
and the mesh of the interface was locally refined.

Flow rate, pressure, and flow rates at the inlet and outlet of the monitoring model
were monitored. The x-z section at the centre of the water channel was selected as the
observation section for the flow field changes. The flow velocity and pressure parameters
of the left, middle, and right longitudinal profiles of the x-z sections were monitored, as
shown in Figure 4. Simultaneously, the flow forces acted on the walls of Plates 1, 2, and 3 in
the x-axis direction.
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Figure 4. Location profile of monitoring line. (a) Flow rate monitoring line and (b) pressure monitor-
ing line.
2.3.3. Numerical Simulation Scheme

(1) Steady-state simulation scheme

In the steady-state simulation, room temperature (20 °C) water was used as the fluid
medium. Nine gate openings were simulated.

In the physical model experiment, different pressure boundary conditions were set to
characterise the different water levels in the water tank and the submergence depth of the
flume (the water head was taken as the height from the centre of the water channel to the
water surface). In the experiment, the distances between the centre of the channel and the
height of the water tank and flume were 0.45 and 0.1 m, respectively. The specific operating
conditions are listed in Table 2.

Table 2. Operating conditions of steady-state simulation.
Working Water Level ~ Submergence Actual Water Opening
. Level Inlet Outlet Degree of the
Condition of the Water  Depth of the .
Difference Pressure/kPa  Pressure/kPa Gate
Group Tank /m Flume/m o
AH/m o/

1 0.9 0.4 0.15 441 2.94
2 1 0.4 0.25 5.39 2.94
3 1.1 0.4 0.35 6.37 2.94 5 Ano Ano
4 12 0.4 0.45 7.35 2.94 }180' égo' 280'
5 1.3 0.4 0.55 8.33 2.94 700’ 800, 900’
6 14 0.4 0.65 9.31 2.94 T
7 1.5 0.4 0.75 10.29 2.94
8 1.6 0.4 0.85 11.27 2.94

Working conditions with a gate opening of 50° and a water level difference of 0.85 m
were selected for mesh independence verification. The grid sizes of the local refinement
area were 8, 4, and 2 mm. Numerical models with grids 50, 200, and 800 w were obtained.
The magnitudes of the flow velocities after the convergence calculation were compared.
The error in the calculation results for grids the 200 and 800 w grids was only 0.14%. The
error in the calculation results for the grids of 50 and 800 w was 2.7%. Therefore, using a
200 w grid for steady-state calculations ensured the accuracy of the calculation results.

(2) Transient simulation scheme

During transient simulation, five gate rotation speeds of 200, 100, 50, 25, and 12.5° /s
were selected for simulation. The calculation duration was the time required for the plate
to rotate once or for the gate to open and close twice. The remaining boundary conditions
of the model were consistent with those of the steady-state simulation. The operating
conditions are listed in Table 3.
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Table 3. Operating conditions of transient simulation.
Working Inlet Outlet Rotational Speed/deg-s—1 Calculation
Condition Group  Pressure/kPa  Pressure/kPa Plate 1 Plate 2 Plate 3 Duration/s
1 200 —200 200 1.8
2 100 —100 100 3.6
3 11.27 2.94 50 —50 50 7.2
4 25 —-25 25 14.4
5 12.5 —12.5 12.5 28.8

In the transient simulation, a working condition with a gate rotation speed of 200° /s
was selected for grid independence verification. By changing the grid size, numerical
models with grid sizes of 100, 200, and 600 w were obtained. The position and fluctuation
errors of the maximum flow velocity were compared after convergence calculation. Com-
paring the positions of the maximum flow velocity in the two cycles, the maximum errors
of 100 and 200 w compared to 600 w were 0.38% and 0.3%, respectively. Comparing the
maximum flow velocity fluctuations obtained from the two cycles, it was found that there
were fluctuation errors of 0.25%, 0.09%, and 0.06% in the maximum flow velocity when the
numbers of grids were 100, 200, and 600 w, respectively. Therefore, considering both the
computational cost and convergence, this study used a 200 w grid for transient simulation.

The operating conditions with a gate rotation speed of 200° /s were selected, and the
time steps were set to 0.05, 0.01, 0.005, and 0.001 s, respectively, to verify time independence.
When the time steps were set to 0.05, 0.01, and 0.005 s, the errors of the maximum flow
velocity compared with the calculation result of 0.001 s reached 5.48%, 1.15%, and 0.23%,
respectively. Therefore, the transient model used in this study was calculated with a time
step of 0.005 s.

3. Results

3.1. Steady-State Flow Prediction Model
3.1.1. Analysis of Experimental Results

Based on the experimental results, the flow rate and pressure differential curves
at different openings were drawn, as shown in Figure 5a. Under the same water-level
difference, the flow rate in the water channel exhibited a non-linear increasing trend
with an increase in the gate opening. Under different water level differences, the flow
growth trend was approximately the same. Under the same water level difference, the
pressure differential before and after the gate decreased as the gate opening increased.
The decreasing trend of the pressure differential was approximately the same for different
water-level differences. When the gate opening was <40°, changing the opening had a
negligible effect on the pressure differential. At this point, the overall flow in the water
channel was poor, which could easily result in significant energy loss.

Traditional flow calculation formulae were not applicable because of the special form
of the gate. The gate was located inside a pressurised water channel, and the Bernoulli
equation can be used to represent the relationship between pressure and flow velocity
within the channel. Thus, the gate outflow characteristics were obtained. Two sections
were used before and after the gate, with Section 1 at the inlet of the flow and Section 2 at
the outlet. The flow at the cross-section must be smooth and satisfy the characteristics of
gradient flow. The Bernoulli equation for the fluid is as follows:

p P
—+z1+—:—+zz+—g+hw. (5)
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Figure 5. Analysis of experimental results. (a) Flow rate and pressure differential at different gate
openings, and (b) comparison of discharge coefficients.

In the actual flow process, the water channel was in a horizontal position, and the two
cross-sectional areas before and after the gate were equal (z; = z; and v; = v7). Ignoring

the head loss throughout, the head loss between the two sections was hy, = 3 CC;—g. If the

cross-sectional area of the water channel is taken as A, the flow formula in the channel is

A AP
=0v-A= 2—, 6
Q= A= v\ ©

where P and P, are the pressure in Sections 1 and 2, respectively; v; and v; are the velocity
in Sections 1 and 2, respectively; z; and z; are the height in Section 1 and 2, respectively;
hy is the head loss between Sections 1 and 2; ¢, is the local head loss coefficient; A is the
cross-sectional area of the gate; v is the average velocity of water flow passing through the
gate; AP the average pressure differential between Sections 1 and 2; Q is the flow rate of
the gate.

To study the flow characteristics of the gate, the discharge coefficient of the gate is
defined as follows:

A
Ky = 7/2766 \f2 7)

According to (6), the discharge coefficient of the gate can be written as

K, =Q &. (8)

In this study, the gate was located in a pressurised channel. The discharge coefficient
can be used to characterise the gate flow capacity. The larger the discharge coefficient,
the better the discharge performance of the gate. The discharge coefficient of the gate is
related to the flow rate in the channel, the pressure differential before and after the gate,
and the fluid density. The discharge coefficients of the different water level differences at
different openings were calculated using the flow velocity and pressure values before and
after the gate.

The discharge coefficient was calculated using experimental data, and the curve was
plotted as shown in Figure 5b. The discharge coefficients of the gate under the same
opening were very similar under different working conditions. This also indicates that the
discharge coefficient was determined by the shape and structure of the gate and can be
used to characterise its flow performance.
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The discharge coefficient showed an exponential growth trend within the range of
0-90° stroke. When the gate opening was <40°, the discharge coefficient of the gate was
small, and the change was relatively gentle. At this time, the effect of the flow regulation
was not significant. When the gate opening was >60°, the resistance in the channel de-
creased, and the discharge coefficient suddenly increased. At this point, the flow-regulation
function of the gate became prominent. In addition, the blue error band in Figure 4b repre-
sents the difference between the discharge coefficient and mean under different operating
conditions. When the gate opening was between 10-70°, the standard deviation of the
discharge coefficient under different operating conditions was <9.5 x 10~* When the gate
openings were 80° and 90°, the standard deviations were 0.0021 and 0.0048, respectively.
This indicates that there was a significant error in the discharge coefficient when the gate
opening was large. This may be because during the large-opening experiment, the flow
rate in the channel was high, and the water level in the tank fluctuated greatly, making
it difficult to maintain a constant water level. This led to a significant deviation in the
calculated discharge coefficient.

The experimental and simulation results were compared. When the gate opening
reached 90°, the deviation between the simulation results and the experimental results
was close to 10%. It is speculated that when the gate is fully opened, a small pressure
differential exists between the front and rear of the gate in the channel, resulting in pressure
measurement errors. The overall simulation results were in good agreement with the
experimental data, confirming the reliability and accuracy of the proposed numerical
simulation method.

3.1.2. Establishment of Steady-State Flow Prediction Model

A flow scatter plot of the gate under different openings and water level differences is
shown in Figure 6. As shown in Figure 5b, the discharge coefficient followed a Gaussian
distribution. Combining Equations (6) and (8), the variation law of the gate flow can be
represented in the form of the function of Equation (9).

6—c)2

Q=(a+be "¢ )\/sAH, ©)

where Q is the flow rate of the gate; AH is the upstream and downstream water level
difference; 6 is the gate opening; coefficients a, b, ¢, and d are related to the gate structure.

By combining the scatter plot for fitting, the fitting curve Formula (9) was obtained,
and the fitting surface is shown in Figure 6. The final fitting result has a standard deviation
of 5.6148 x 10~° and a variance of 0.99845. Three operating conditions were selected for
the experiment, and a comparison of the experimental and predicted results is presented
in Table 4. All the prediction errors were <7%. The fitting results were good and could be
used to guide the flow control of the gate.

0—106.68128)%

Q = (0.000149777 + 0.0784767( 2919089 )/ 9AH (10)

Table 4. Comparison between experimental results and predicted results.

Working Experimental Prediction Prediction Error
Condition Group Result/m3.s—1 Results/m3.s—1
AH =03 m, 6 =20° 0.00645 0.006854 6.27%
AH =0.5m, 6 =50° 0.04715 0.048181 2.17%

AH =0.7m, 6 =80° 0.15400 0.154845 0.55%
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Figure 6. Flow rate fitting surface at different openings and water level differences.

3.2. Analysis of Steady-State Flow Field Characteristics
3.2.1. Flow Velocity Distribution Characteristics of Steady-State Flow Field

The selected operating conditions were a water level difference of 0.85 m, an inlet
pressure of 11.27 kPa, and an outlet pressure of 2.94 kPa for analysis. The x-z cross-section

within the water channel was selected for the analysis. The flow characteristics near the
gate are clearly illustrated in Figure 7.

I [T [ ] [ 1N I
Velocity(m/s): 02 04 06 08 1 12 14 16 18 2 22 24 26 28 3

Velocity(m/s): 02 05 07 10 13 16 18 21

24 26 29 32 35 37 40

(b)
[ ____Jdime T e 1D T [
Velocity(m/s): 02 05 07 10 13 16 1.8 21 24 26 29 32 35 37 4.0

Velocity(m/s): 02 05 07 1.0 13 16 18 21 24 26 29 32 35 37 40

(d)

Figure 7. Velocity contour plots at different gate opening degrees: (a) 30°, (b) 50°, (c) 70°, and (d) 90°.

As shown in Figure 7a,b, when the gate opening was small, a jet phenomenon occurred
when water flowed through the gate. The jets formed by different gates interfered with and
deviated from each other. This resulted in the formation of complex asymmetric eddies
downstream of the gate. The vortex was mainly distributed on the backflow surface of
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the gate and the downstream recirculation zone. As the gate opening changed, the centre
of the vortex in the recirculation zone moved accordingly. The range and intensity of the
vortices gradually decreased. As shown in Figure 7c,d, when the gate opening was >70°,
the backflow zone disappeared. The vortex was distributed only on the backflow surface
of the gate.

The flow velocity distribution curve along the route is shown in Figure 8. Under
different opening degrees, there were significant differences in the distribution of flow
velocity along the water channel at various positions owing to the influence of the gate
opening shape. When the opening was constant, the flow velocity distributions at different
positions upstream of the gate were consistent. From Figure 8a—d, the upstream velocities
of the gate approach were 0.5, 1.3, 2.7, and 3.7 m/s, respectively. At different degrees of
opening, the speed increased with the opening. As shown in Figure 8a—c, there was a
significant change in the velocity at three locations around the horizontal axis of 1.0 m.
When the fluid flowed through the gate, a smaller opening angle intensified the flow field
changes in each profile and produced strong deviations in the transverse water surface
profile. The velocities of the left and right lines increased to 4.38 m/s and 4.54 m/s,
respectively, and eventually stabilised at 0.18 m/s and 0.77 m/s, respectively (Figure 8a).
The velocities of the left and right lines increased to 4.80 m/s and 4.98 m/s, respectively,
and eventually stabilised at 0.88 m/s and 1.74 m/s, respectively (Figure 8b). The velocities
of the left and right lines increased to 5.39 m/s and 5.02 m/s, respectively, and eventually
stabilised at 2.62 m/s and 3.02 m/s, respectively (Figure 8c). When the gate opening
was small, the flow velocities of the three profiles showed a sharp increase owing to
the generation and displacement of the jet phenomena. Subsequently, it decreased and
generated a reflux. Finally, it gradually stabilised. The maximum flow velocity occurred at
different cross-sections. The velocity of each section downstream of the gate varied owing
to the different plate rotation directions. As shown in Figure 8d, when the gate opening
was 90°, the gate was fully open, and an almost uniform transverse profile was observed
downstream of the gate.
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_ ‘I Velocity of right B ,‘ Velocity of right
v 4T d e 401 a8
g : g NN .%
~ 3 ; = 3t .||'!.
b :'l Z;- -|. :
3 ¢ 5 jraed
= 2F o 2 2t HEX!
: 18 : Ji
§ 1E J:E.‘ § 1E \53
0t \P \ /2 0t 4
-1 | -1 F I
1 | 1 1 1 1 | 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
x/m x/m
(a) (b)

Figure 8. Cont.



Water 2025, 17, 456 13 of 23

Position of gate ! * Velocity of left Position of gate: * Velocity of middle
s| !\ * Velocity of middle sl [ Velocity of right and left
': \ Velocity of right :
'm 4T ;l v 4T !
g i! g l‘l
~ 3| J ! ~ 3} o
z y z o
2 ,t / 8 sl T
g d l g ls
— [ — ol
S 1t ! 2 1r ks
< H < L)
= 1 d = HE
ot Iy ot HK
I i
/ .
-1 -1 1
1 1 1 1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
X/ m X/ m

(0) (d)
Figure 8. Velocity distributions at different gate opening degrees: (a) 30°, (b) 50°, (c) 70°, and (d) 90°.

3.2.2. Pressure Distribution Characteristics of Steady-State Flow Field

The selected operating conditions were a water level difference of 0.85 m, an inlet pres-
sure of 11.27 kPa, and an outlet pressure of 2.94 kPa for analysis. The pressure distribution
curves along the three profiles at different openings are presented in Figure 9. When the
opening remained constant, the pressure distributions at different positions upstream of
the gate were essentially identical. From Figure 9a—d, the upstream pressures of the gate
approached 11.14, 10.40, 7.60, and 4.4 kPa, respectively. This observation shows that the
pressure at the upstream inlet decreased with an increase in the gate opening. As shown
in Figure 9a—d, there was a significant change in the pressure at three locations around
the horizontal axis of 1.0 m. The pressure change behind the gate was more severe. In
Figure 9a, the pressures on the left, middle, and right lines decreased to minimums of 2.22,
0.50, and 1.50 kPa, respectively. In Figure 9b, the pressure on the left, middle, and right
lines decreased to minimums of 0.24, —2.18, and —1.33 kPa, respectively. In Figure 9c,
the pressure on the left, middle, and right lines decreased to minimums of —2.93, —4.98,
and —3.64 kPa, respectively. The minimum pressure decreased as the opening increased.
The minimum pressure on the left line exceeded that on the right line, and the minimum
pressure on the right line exceeded that on the centreline. Combining Figure 7a—c, vortices
were more likely to occur behind the gate. Owing to the local losses of the gate, the pres-
sure downstream of the gate decreased compared to the upstream pressure. As shown in
Figure 9a—c, the upstream and downstream pressure differences were 8.24, 7.5, and 4.7 kPa,
respectively. As the gate opening increased, the relative pressure difference decreased.
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Figure 9. Pressure distribution along different cross-sectional profiles at different opening degrees:
(a) 30°, (b) 50°, (c) 70°, and (d) 90°.

3.2.3. Flow Force of Gates at Different Openings

The water flow forces acting on the walls of Plates 1, 2, and 3 in the x-axis direction
are shown in Figure 10. When the gate opening was 10°, the forces acting on Plates 1, 2,
and 3 were 159, 172, and 164 N, respectively, following the order Plate 2 > Plate 3 > Plate 1.
Between the gate openings of 20° and 80°, the force on Plate 2 was greater than that on
Plate 1, and the force on Plate 1 was greater than that on Plate 3. As the gate opening
gradually increased, the pressure at the front of the gate plates gradually decreased. From
50° to 60°, the forces on Plates 1, 2, and 3 decreased by 22, 22, and 20 N, respectively. From
60° to 70°, the forces on Plates 1, 2, and 3 decreased by 40, 40, and 28 N, respectively. When
the opening was greater than 60°, the rate of decrease in flow force significantly increased,
which also indicated that the stress on the gate was greater when the opening was small. It
was not until the opening was greater than 60° that the stress state significantly improved.
When the gate opening was 80°, the forces acting on Plates 1, 2, and 3 were 34.67, 34.69,
and 34.34 N, respectively. When the gate opening was 90°, the forces acting on Plates 1, 2,
and 3 were 10.76, 10.66, and 10.81 N, respectively. When the gate opening was >80°, the
flow forces acting on the three plates were almost equal. At this time, the flow inside the
channel was good, and there was no interference between the three plates.
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Figure 10. Flow forces on different plates.

To summarise the above, as the gate opening increases, the flow velocity increases,
and the relative pressure difference decreases. The flow force acting on the plates gradually
decreases during the gate-opening process. Moreover, the middle plate experiences the
greatest flow force.

3.3. Analysis of Transient Flow Field Characteristics
3.3.1. Flow Velocity Distribution Characteristics

The gate plate is defined as an opening process between 0-90° and a closing process
between 90-180°. A working speed of 100°/s was selected for analysis. As shown in
Figure 11a—c, with a constant opening and closing speed of the gate, the vortex decreased
as the gate continued to open. When the gate opening reached 90°, the vortex disappeared.
From Figure 11c—, as the gate gradually closed, the velocity difference in the channel
increased, and the shear interaction between the fluids strengthened. Therefore, the number
and intensity of vortices at the back of the gate further increased. The vortex mainly
occurred in the corner vortex area on the backflow surface of the plate and the backflow
area on the sidewall of the channel. Figure 12 shows that the maximum flow velocity
occurred during the gate-closing process. The average flow velocity at the gate first
increased and then decreased, and the rate of decrease in the flow velocity was faster.

As shown in Figure 12, during the opening process, the flow velocity in the channel
was inversely proportional to the plate speed. The higher the plate speed, the smaller
the average flow velocity of the channel cross-section. Under steady-state conditions, the
flow velocity and flow rate in the water channel peaked at 3.65 m/s and 0.2189 m3/s,
respectively, at 90°. At a speed of 200°/s, the flow velocity and flow rate in the water
channel peaked at 1.34 m/s and 0.0805 m3/s, respectively, at 128°. At a speed of 100°/s,
the flow velocity and flow rate in the water channel peaked at 1.99 m/s and 0.1199 m3/s,
respectively, at 118°. At a speed of 50° /s, the maximum flow velocity and flow rate in
the water channel reached 2.67 m/s and 0.1599 m3/s, respectively, at 110°. At a speed of
25° /s, the maximum flow velocity and flow rate in the water channel reached 3.18 m/s
and 0.1906 m3 /s, respectively, at 103°. At a speed of 12.5°/s, the flow velocity and flow
rate in the water channel peaked at 3.48 m/s and 0.2086 m3/s, respectively, at 97°. When
the speed decreased to 12.5° /s, the average flow velocity of the cross-section was close
to the steady-state calculation results. Comparing the maximum flow velocity generation
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positions at different rotational speeds, the higher the rotational speed, the more delayed
the maximum flow velocity. Overall, the smaller the relative opening of the gate, the more
vortices there were. For the same relative opening, the vortex was greater during the closing

process than during the opening process.
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Figure 11. Velocity contour plot of 100° /s operating conditions at different opening degrees: (a) 50°,

(b) 70°, (c) 90°, (d) 110°, () 130°, and (f) 150°.
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Figure 12. Average flow velocity and volumetric flow rate curves at different speeds as a function of
different gate opening degrees. (a) Average flow velocity, and (b) volumetric flow rate.



Water 2025, 17, 456

17 of 23

By monitoring physical quantities such as pressure, flow velocity, and flow rate during
the transient calculation process, the discharge coefficient of the gate was obtained using
Equation (4). A comparison between the transient and steady-state simulation results
is shown in Figure 13. Within one opening and closing cycle of the gate, the discharge
coefficient initially increased and then decreased. Under steady-state conditions, the
discharge coefficient peaked at 0.1687 m? at 90°. At a speed of 200°/s, the discharge
coefficient peaked at 0.0295 m? at 128°. At a speed of 100°/s, the discharge coefficient
peaked at 0.0476 m? at 118°. At a speed of 50°/s, the discharge coefficient peaked at
0.0731 m? at 110°. At a speed of 25° /s, the discharge coefficient peaked at 0.1051 m? at 103°.
At a speed of 12.5° /s, the discharge coefficient peaked at 0.1377 m? at 97°.

0 ——200%/s
I —100°/s
0151 ! 50°/s
I —25%s
o ) o 12.5%/s
ook : ® steady-state

Discharge coefficient / m?
(=}
s

o

=

(=]
T

0 20 40 60 80 100 120 140 160 180

Gate opening / °

Figure 13. Discharge coefficient curves at different rotational speeds.

In the steady-state simulation, the maximum discharge coefficient was observed when
the gate was fully opened. However, in the transient simulations, the changes in the
discharge coefficient during the gate-opening and gate-closing processes did not exhibit a
fully symmetrical pattern. The maximum value of the discharge coefficient did not occur
when the opening of the gate was 90° but rather at a specific moment during the gate
closing process. In addition, the faster the speed of the plate, the larger the gate opening
corresponding to the position where the maximum value occurs. This suggests that initially,
when the gate starts to close, the fluid’s own inertia causes the rate of flow reduction to be
slower than the rate of flow increase. Meanwhile, due to the influence of the rotating flow
field of the gate, the flow field becomes smoother after an opening of 90°. This leads to an
increase in the discharge coefficient after an opening of 90 degrees. As the fluid velocity and
gate movement attain a state of dynamic equilibrium, the discharge coefficient peaks and
subsequently begins to decline. This also resulted in the maximum discharge coefficient
occurring after the opening of 90°. The discharge coefficient shows an asymmetric change.

We also observed variations in the discharge coefficients at different speeds. The
slower the speed of the gate, the greater its maximum discharge coefficient. This value was
close to the steady-state simulation results. The peak discharge coefficient increased by
approximately 4.7 times at a gate speed of 12.5° /s compared to that at 200°/s. However,
under high-speed operating conditions, the discharge coefficient of the gate changed
relatively smoothly during its movement. No significant changes in flow were observed
within a single opening or closing cycle. At a certain moment during the gate-closing
process, the discharge coefficient of the gate with a speed of 200° /s exceeded that under
the low-speed operating condition.

Overall, during the gate-opening process, the discharge coefficient of the gate de-
creased with increasing opening speed. At the same degree of opening, the discharge
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coefficient in the transient simulation was smaller than that in the steady-state simulation.
During the gate closure process, the discharge coefficient exhibited asymmetric charac-
teristics. When the closing speed was high, the lag effect of the decrease in the discharge
coefficient was significant.

3.3.2. Pressure Distribution Characteristics

Figure 14 shows the pressure cloud map at 100°/s. As shown in Figure 14a—c, with
the continuous opening of the gate, the maximum pressure and pressure differential of the
gate exhibited a trend of first decreasing and then increasing. As shown in Figure 14a—d,
the edge of the plate in the direction of the water flow was more prone to high pressure.
Comparing Figure 14a,b with Figure 14d,e, the pressure difference was small during the
opening process and large during the closing process. Negative pressure occurs during the
closing process. This is more likely to cause cavitation and damage the equipment.
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Figure 14. Pressure contour plots at different gate openings: (a) 50°, (b) 70°, (c) 90°, (d) 110°, and
(e) 130°.
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The variation law of the pressure differential was obtained by intercepting the pressure
at both ends of the water channel, as shown in Figure 15. As shown in Figure 12, the
locations of the extreme values of the pressure differential, flow rate, and flow coefficient
were identical. Under steady-state conditions, the pressure differential peaked at 1682 Pa
at 90°. At a speed of 200°/s, the pressure differential peaked at 7429 Pa at 128°. Ata
speed of 100° /s, the pressure differential reaches a minimum value of 6335 Pa at 118°. At
a speed of 50°/s, the pressure differential peaked at 4779 Pa at 110°. At a speed of 25°/s,
the pressure differential peaked at 3288 Pa at 103°. At a speed of 12.5°/s, the pressure
differential peaked at 2293 Pa at 97°. The higher the rotational speed, the more delayed the
minimum pressure differential. In addition, the pressure differential first decreased and
then increased with an increase in the opening, and the rate of pressure differential increase

was faster.
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Figure 15. Pressure differential curves at different rotational speeds.

3.3.3. Flow Force of Gates During the Opening and Closing Process

The changes in the flow force experienced by the three plates are shown in Figure 16.
As shown in Figure 16a—e, the flow force exerted on the plates gradually decreased during
the gate opening process. When the gate opening was 90°, the force on the plate was close
to zero. During the gate closure process, the flow force first increased sharply, peaked at a
certain opening, and then decreased until it approached the initial flow force. Comparing
Plate 2 in Figure 16a—e, the maximum stresses were 693, 516, 382, 269, and 205 N. The
maximum forces occurred at 156°, 147°, 138°, 132°, and 130°, respectively. During the
closing process, it was found that as the rotational speed decreased, the maximum flow
force decreased, and the opening at which the maximum flow force was reached also
became increasingly smaller.

When the speed of the gate was high, the three plates experienced almost the same
trend in flow force changes, with differences only at the maximum value. In Figure 16a, the
forces acting on Plates 1, 2, and 3 were 649, 693, and 660 N, respectively. In Figure 16c, the
forces acting on Plates 1, 2, and 3 were 337, 382, and 331 N, respectively. Plate 2 experienced
the maximum flow force, whereas Plates 1 and 3 experienced similar flow forces. This may
be owing to the asymmetric distribution of vortices on the backflow surface of Plate 2. As
the rotational speed decreased, the difference in the flow forces experienced by the three
plates gradually increased. In Figure 16d, the forces acting on Plates 1, 2, and 3 were 225,
269, and 245 N, respectively. In Figure 16e, the forces acting on Plates 1, 2, and 3 were 169,
205, and 192 N, respectively. Overall, Plate 2 had the highest flow force, followed by Plate
3, whereas Plate 1 experienced the lowest flow force.
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Figure 16. Flow force variations at different rotational speeds: (a) 200°/s, (b) 100°/s, (c) 50°/s,
(d) 25°/s, and (e) 12.5°/s.

Opverall, the flow force exhibited a periodic fluctuation pattern during the gate opening
and closing processes. The flow force peaked at a certain opening during the gate-closing
process, and the maximum flow force increased with increasing gate speed. In addi-
tion, as the rotational speed increased, the difference in the stress states of the three gate
plates decreased.

To summarise the aforementioned points, the flow velocity, volumetric flow rate, and
discharge coefficient of the gate increase first and then decrease with the increase in opening.
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Conversely, the pressure differential initially decreases and subsequently increases. These
parameters demonstrate asymmetric variation patterns, and the hysteresis effect becomes
more pronounced at higher rotational speeds.

4. Conclusions

This study designed and developed a novel three-plate vertical rotary gate. The flow
characteristics of the gate were investigated using model experiments. Considering factors
such as the water level difference, gate opening, and gate opening and closing speed,
steady-state and transient flow field simulations of the gate were conducted. The results
can provide a reference for gate engineering applications. The specific research conclusions
are as follows:

(1) Through model experiments on the gate, it was found that the discharge coefficient
of the gate was consistent at the same opening, indicating that the discharge coefficient was
determined by the shape and structure of the gate itself and can be used to characterise the
flow performance of the gate. Within the opening range of 0-90°, the discharge coefficient
of the gate exhibited an exponential growth trend. A steady-state flow prediction model
was established that could be used for the flow control of the gates.

(2) Under steady-state conditions, the flow force acting on the plates gradually de-
creased during the gate opening process. Plate 2 experienced the highest flow force. The
faster the plate speed, the greater the maximum flow force experienced. The gate discussed
in this article involves a relatively small number of plates, and additional research is re-
quired to develop gates that are practical for real-world applications. When designing and
applying the gate, it is necessary to consider strengthening the middle plates and reducing
the plate speed.

(3) Under transient operating conditions, the discharge coefficient of the gate increased
first and then decreased within the opening range of 0-180°. The discharge coefficients
exhibited asymmetric characteristics. The higher the speed, the more obvious the hysteresis
effect of the discharge coefficient. In the practical applications of such gates, the hysteresis
effect should be considered for reasonable gate control.
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