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As a core component of the lock filling and emptying system, the operational 
performance of the valve significantly influences the efficiency and safety 
of navigation locks. To elucidate the mechanical mechanisms during valve 
operation, this study investigates the valve structure of the Hongjiang hub 
under high head conditions. A combined approach of numerical simulation 
and scale experiment was employed to examine both the mechanical response 
and hydrodynamic behaviors of the valve. (1) Numerical results indicate the 
stress concentration is easy to occur in the center of the bottom panel 
of the valve, which causes the structural displacement. Structural checks 
confirm that both stress and displacement remain within the allowable 
design limits, demonstrating the structural adequacy of the valve. The 
valve’s natural frequency is substantially higher than the dominant energy 
range of flow-induced excitations, suggesting a low likelihood of severe 
vibration. (2) Experimental investigations were conducted to evaluate the valve’s 
hydrodynamic characteristics. Pressure fluctuations on the valve surface were 
found to be strongly correlated with the valve opening. At small openings, the 
valve body lies within a high-velocity jet zone formed by the gap between the 
valve and the sill, resulting in pronounced pressure fluctuations. As the opening 
increases, the valve body shifts into the valve chamber, and measured pressures 
become more stable, with reduced fluctuation amplitudes. (3) During the 
opening process, the opening force initially increases and then decreases, with 
a peak value of approximately 200 kN. In contrast, the closing force during valve 
closure follows a “decrease–increase–decrease” trend, reaching a minimum of 
around −150 kN. (4) Un-der emergency closure conditions at an opening ratio 
of n = 0.3, the hydrodynamic load coefficient peaks at approximately 1.22. The 
effect of the valve opening speed on the dynamic load is found to be negligible. 
The findings provide theoretical insights and practical guidance for the design 
and manufacture of lock valves operating under high head conditions.
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lock filling valve, finite element analysis, structural load distribution, vibration modes, 
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1 Introduction

Navigation locks serve as crucial nodes in inland waterway 
transportation by regulating water level differences to ensure the 
safe and efficient passage of vessels. Their design and operation 
directly influence the transport capacity and operational safety of 
navigational channels (Wu et al., 2021; Wang and Li, 2022; Liu et al., 
2024; Lu et al., 2024; Xin et al., 2024). A typical lock system consists 
of key components such as the lock chamber, gates, filling culverts, 
and valves. Among these, the filling valve plays a central role in 
regulating flow, balancing the chamber water level, and adjusting the 
filling and emptying efficiency (Cavallaro et al., 2020; Smok et al., 
2022; Xu et al., 2022; Zhang and Jing, 2022; Song et al., 2024).

Currently, the most commonly used valves in lock systems 
are flat (or slide) valves and radial (or sector) valves (Viero and 
Defina, 2019). Flat valves, owing to their simple structure and ease 
of manufacturing and maintenance, are widely adopted in low-
head lock systems. In contrast, radial valves are predominantly 
used in high-head locks to cope with challenges such as cavitation 
during valve opening and closing under high-pressure conditions. 
During lock operation, filling valves must operate frequently under 
high-pressure and high-velocity flow conditions. Their mechanical 
loading and hydrodynamic performance are critical to both the 
structural reliability of the valve itself and the overall operational 
stability of the lock.

With the growing demand for inland shipping, the scale of locks 
and the associated flow volumes have significantly increased, leading 
to more complex operating conditions for valves. The structural 
design of high-head valves must satisfy requirements for strength, 
stiffness, and stability. Among the key concerns are the stress and 
deformation characteristics of the valve under various operating 
conditions. Furthermore, the flow-induced vibration behaviors of 
high-head valves (Lauria et al., 2020; Lazzarin et al., 2023) is closely 
linked to their safe and stable operation. Flow-induced pressure 
fluctuations act as external excitation, while the valve’s natural 
frequency determines its susceptibility to vibration. If the natural 
frequency of the valve lies within the high-energy band of flow-
induced pulsations or is close to the dominant frequency of the 
pulsation, significant vibration or even resonance may occur.

In traditional designs, valves are often exposed to dynamic 
hydraulic loads, cavitation erosion, and structural vibrations, which 
may result in fatigue damage or failure. For instance, flat valves 
are prone to intense pressure pulsations under high-velocity flow, 
while radial valves, though effective at improving flow patterns, may 
experience stress concentration at hinge joints due to asymmetric 
loading. Li et al. (2023) studied valve natural frequencies using 
modal testing and the finite element method (FEM), revealing 
good agreement between experimental and numerical results. 
Marashi et al. (2021), using numerical methods, analyzed the 
structural response and natural vibration characteristics of valves 
in the Liujiang Honghua second-line lock, identifying significant 
displacements near the center of the bottom sealing plate and 
stress concentration at beam–panel connections. Santic et al. (2024) 
developed a mathematical model of the same lock system to simulate 
pressure variations in the valve culvert and downstream gallery 
using numerical techniques. Lee et al. (2018) applied a standard two-
equation turbulence model to numerically simulate the transient 
flow field during valve operation. The results showed that in the top 

expansion scheme, flow recirculation zones form behind the valve 
and in the valve chamber, with the extent increasing as the valve 
opening decreases. In the bottom expansion scheme, triangular 
and elliptical recirculation zones appear downstream of the sill 
and behind the valve respectively, with weaker flow and smaller 
recirculation regions.

Duan et al. (2025) conducted physical model tests and 
optimization studies on the hydraulic performance of lock filling 
systems, revealing that the initial design failed to adequately diffuse 
flow in the downstream gallery, resulting in localized high-velocity 
zones. Optimization of the gallery geometry effectively reduced 
these high-energy areas. Wang et al. (2023) used a full-scale sliced 
model to investigate cavitation near the valve top gap and the anti-
cavitation mechanism of natural aeration. The study found that 
natural aeration increased the pressure within the ventilated gap 
flow, eliminated cavitation around the main flow and valve plate, and 
mitigated throat cavitation.

Existing research has predominantly relied on static or 
simplified dynamic models, which fail to adequately capture the 
complex multi-physics interactions inherent in valve operation. 
Furthermore, systematic studies on the special structural 
configuration of reverse-curved sector valves under high-head 
conditions remain lacking, with differences in streamlined profiles 
and stress distribution characteristics induced by the reverse-curved 
structure yet to be fully elucidated. Additionally, experimental 
and numerical studies are often conducted in isolation, lacking 
a comprehensive analytical framework that enables synchronous 
correlation between structural responses and hydrodynamic 
characteristics. This discrepancy frequently leads to a gap between 
design expectations and real-world performance. To address these 
limitations, the present study focuses on the mechanical and 
hydrodynamic characteristics of lock-filling valves. An integrated 
methodology combining numerical simulation and physical model 
testing is adopted to comprehensively analyze the valve’s dynamic 
load distribution under diverse operating conditions and its flow-
induced vibration characteristics at various opening positions. 
Key parameters—including valve stress distribution, pressure 
pulsation behavior, operational forces during opening/closing, and 
hydrodynamic load coefficients—are analyzed in detail. The primary 
objectives are to reveal the fundamental mechanical mechanisms 
governing valve performance, provide theoretical guidance for 
structural optimization and operational safety enhancement, and 
establish a methodological framework for future investigations of 
lock valves under complex hydraulic conditions. 

1.1 Project overview

The Hongjiang Complex (Tong et al., 2022) is located on the 
main stream of the Yuan River, within Hongjiang District, Huaihua 
City, Hunan Province, China. The project is primarily intended 
for hydropower generation, while also serving multiple functions 
including navigation and irrigation. The lock at the Hongjiang 
Complex is designed as a single-chamber, single-stage lock, with 
an annual one-way throughput capacity of 5.4006 million tons. The 
lock is classified as a typical high-head lock, with a maximum design 
head of 27.0 m—corresponding to an upstream maximum navigable 
water level of 190.0 m and a downstream minimum navigable level 
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FIGURE 1
Schematic diagram of the valve structure.

of 163.0 m. The effective dimensions of the lock chamber are 215 m 
(length) × 23 m (width) × 4.0 m (sill depth), and the filling time is 
designed to be 16.5 min.

The working valve used in the filling system is a reverse-
curved sector gate. The valve section opening measures 3 m in 
width and 4 m in height, and the overall structural layout is 
illustrated in Figure 1. The external panel of the valve has a radius 
of 5.8 m. The vertical distance from the lifting lug center to the base 
plate is 4.9 m, and the distance from the hinge center to the base 
plate is 4.8 m. The length of the swinging arm is 8.0 m. The structural 
configuration fully complies with relevant design specifications for 
lock valves. The gate leaf weighs approximately 11.4 tons, while 
the supporting arms weigh around 19.7 tons. Including ancillary 
components, the total weight of the valve body is estimated at 31.5 
tons. The primary material used in the valve structure is Q345B steel, 
with an allowable stress of 198 MPa.

2 Structural stress and vibration 
analysis of the valve

2.1 Computational model and 
methodology

A three-dimensional finite element model of the valve was 
developed using ANSYS software, with the X-axis oriented along 
the flow direction (positive direction defined as the outward normal 
of the downstream panel), while the Y-axis and Z-axis correspond 
to the vertical and horizontal directions, respectively. Mesh 
convergence verification demonstrated asymptotic convergence of 
both maximum equivalent stress and displacement results with 
progressive mesh refinement: when the element count increased 
from 87,624 to 123,555, the maximum stress varied by only 1.2% 
and displacement by 0.8%; further refinement to 176,392 elements 
reduced these variations to 0.4% and 0.3%, respectively. Balancing 

computational efficiency with accuracy, the mesh configuration 
with 123,555 elements was selected, achieving converged stress and 
displacement results with relative errors within the engineering 
tolerance of 5%. The final computational model utilizes tetrahedral 
solid elements for discretization, comprising 123,555 elements and 
239,647 nodes, as illustrated in Figure 2.

In the calculation, stress verification is performed according to 
the von Mises yield criterion, with the equivalent stress calculated 
as shown in Equation 1:

σr4 = √
1
2
((σ1 − σ2)2 + (σ2 − σ3)

2 + (σ3 − σ1)
2) (1)

where σ1, σ2, σ3 are the three principal stress components.
The natural frequencies and vibration modes of the valve are 

calculated using a direct filtering method based on the inverse power 
method. This algorithm has the advantage of fast convergence and 
low storage requirements when solving for a few of the lowest 
frequencies and modes. The free vibration equation, neglecting 
damping forces, as shown in Equation 2:

[K]{δ} + [M]{δ2} = 0 (2)

where [K] and [M] are the stiffness and mass matrices, respectively, 
and {δ}, {δ2} are the displacement and acceleration vectors of the 
structure.

During vibration, the displacement of each particle can be 
approximated as simple harmonic motion. The equation of motion 
for the particles and the homogeneous vibration equation as shown 
in Equations 3, 4:

{δ} = {δ0}cos ωt (3)

([K] −ω2[M]){δ0} = 0 (4)

where {δ0} is the nodal displacement array (i.e., the mode shape) and 
ω is the frequency corresponding to the mode shape.
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FIGURE 2
Three-dimensional finite element model of the valve.

The r+1 eigenvalue filtering term is obtained by solving the direct 
filtering method, as shown in Equation 5:

λ{δ0}r+1 = ([K]
−1[M] −

r

∑
i=1

λi{δ0}i{δ0}
T
i [M]

{δ0}
T
i [M]{δ0}

){δ0} + 1 (5)
 

2.2 Computational conditions

The static analysis includes the following operating conditions 
under the maxi-mum working head: water retaining, gate opening, 
and dynamic water closing conditions, as detailed below: 

1. Water Retaining Condition: Maximum working head of 27 m 
pluses valve self-weight; upward constraint applied to the valve 
bottom stop.

2. Gate Opening Condition: Maximum working head of 27 m 
pluses valve self-weight; vertical constraint applied to the lifting 
lug, with no constraint on the bot-tom edge of the valve.

3. Dynamic Water Closing Condition: 1.8 times the design load 
pluses valve self-weight; vertical constraint applied to the lifting 
lug, with no constraint on the bot-tom edge of the valve.

2.3 Displacement and deformation analysis

Table 1 shows the displacement and stress values of the 
valve under different operating conditions. Figure 3 shows the 
displacement and deformation of the valve components under 
different operating conditions. In the figure, (a), (b), and (c) 
correspond to the normal water retaining condition, gate opening 
condition, and dynamic water closing condition, respectively. As 
shown, under different load conditions, the valve deforms primarily 
downstream, with the largest deformation occurring at the bottom of 
the panel, while the displacement of the supporting arms is relatively 
small. The valve displacement is symmetrically and uniformly 
distributed under each condition, with the maximum displacement 
occurring at the outer panel in the region of the main trans-verse 
beam of the bottom beam section, measuring 1.49 mm, 1.52 mm, 

and 2.74 mm, respectively. It can be observed that under the 
normal water retaining condition, the valve deformation is relatively 
small, while under the closing condition, the deformation is more 
significant. However, the overall deformation remains within the 
safe range.

2.4 Stress analysis

The equivalent stress of the valve is calculated according 
to the von Mises yield criterion, and the equivalent stress 
distribution of the valve structure is shown in Figure 4. The 
label in the figure identifies the stress information at the 
current position. Under the static water load at the maximum 
working head, the maximum equivalent stress of the overall 
structure is 79.1 MPa. When the valve is in an almost open 
state, with the lifting rod tension, maximum working head, 
and self-weight acting, and the bottom edge unconstrained, 
the maximum equivalent stress of the valve structure increases 
to 79.3 MPa. Under the action of the valve’s self-weight, 1.8 
times the static water pressure, and the lifting rod tension, the 
maximum equivalent stress increases to 142.4 MPa, which is 
approximately 80% higher than that under the water retaining 
condition. Different from (Marashi et al., 2021), the stress 
distribution pattern of the inverted sector valve under the condition 
of dynamic water shut-off presents a unique radial diffusion 
characteristic, which is determined by the streamlined shape of 
the inverted structure. Overall, in all operating conditions, stress 
concentration occurs at the support arm hole positions of the 
valve, but the stress level remains low, indicating a relatively strong 
structure.

A quantitative analysis of the outer plate thickness reveals 
significant mechanical improvements with increasing dimensions. 
When the thickness increases from 20 mm to 24 mm, the maximum 
equivalent stress decreases from 142.4 MPa to 98.7 MPa—a 
reduction of 30.7%. Further increasing the thickness to 30 mm 
reduces the maximum stress to 63.2 MPa, providing substantially 
greater safety margins. Notably, the safety factor improves from 
1.40 to 2.0 (at 24 mm) and further to 3.1 (at 30 mm), markedly 
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TABLE 1  Displacement and stress values of the valve under different operating conditions.

Operating 
condition

Maximum 
displacement 
location

Maximum 
displacement 
(mm)

Maximum stress 
location

Maximum stress 
(MPa)

Safety margin

Normal Water Retaining Center of the beam grid 
panel

1.49 Center of the beam grid 
panel

79.1 MPa 2.50

Gate Opening Center of the beam grid 
panel

1.52 Center of the beam grid 
panel

79.3 MPa 2.49

Dynamic Water Closing Center of the beam grid 
panel

2.74 Connection between the 
crossbeam and the panel

142.4 MPa 1.40

FIGURE 3
Displacement and deformation of the valve components under different operating conditions: (a1-3) normal water retaining condition, (b1-3) gate 
opening condition, and (c1-3) dynamic water closing condition.

enhancing structural reliability under extreme operating conditions. 
Regarding weight implications, increasing the thickness to 24 mm 
and 30 mm results in outer plate weight gains of 20% and 50%, 
respectively, corresponding to total valve body weight increases 
of only 0.83 t (2.6%) and 2.07 t (6.6%). This modest weight 

increase substantially improves operational reliability during 
dynamic water closure events. An outer plate thickness range 
of 24–30 mm is recommended as the optimal value, achieving 
the best balance among stress reduction, natural frequency 
enhancement, and cost efficiency.
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FIGURE 4
Equivalent stress distribution of the valve structure: (a1-3) Under static water load at the maximum working head, (b1-3) Under the condition of the 
valve in near-open state, and (c1-3) Under the combined action of the valve’s self-weight, 1.8 times the static water pressure (at the maximum working 
head), and the tension of the lifting rod.

2.5 Natural vibration characteristics 
analysis

Modal analysis is a method used to study the vibration 
characteristics of structures or systems. Through modal analysis, 
information such as the system’s free vibration modes, natural 
frequencies, damping ratios, and mode shapes can be obtained. 
The natural vibration characteristics of the valve were analyzed 
considering dry modes in air, without accounting for the effects 
of water. The support hinge and lifting lug were fixed as 
constraints. The first five vibration modes of the valve are shown in
Figure 5.

The valve’s first natural frequency is 14.734 Hz, corresponding 
to lateral swinging, and is well-separated from flow-induced 
pressure fluctuations’ high-energy region (<5 Hz), preventing 
resonance. This is because, structurally, the reverse-curved sector 
valve’s rigid frame provides high stiffness, with the first mode 
requiring overcoming inertia, yielding a higher frequency. Fluid-
dynamically, under 27 m head, pressure fluctuations stem from 

large-scale vortex shedding and flow instabilities, concentrating 
energy below 5 Hz (meter-scale vortices). Kolmogorov’s theory 
indicates small-scale (millimeter) vortices produce high-frequency 
but negligible-energy fluctuations. Thus, significant flow pulsations 
are much lower than the valve’s frequency, ensuring natural
decoupling.

The second natural frequency of the valve is 20.697 Hz, which 
is characterized by torsional vibration along the lateral direction. 
The third natural frequency is 63.336 Hz, which corresponds to 
vertical oscillations along the tangential direction of the valve body. 
The fourth and fifth natural frequencies are close to each other, 
at 72.841 Hz and 73.478 Hz, respectively, and both exhibit local 
vibrations on the side panels of the supporting arms.

Overall, the areas with the largest vibration amplitude of the 
valve are concentrated at the panels and the bottom of the supporting 
arms, with relatively high natural frequencies. The deformation 
in the vertical direction is relatively small, while the deformation 
in the horizontal direction is larger, especially in regions subject 
to higher stress and strain.
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FIGURE 5
Natural vibration characteristics of the valve: (a) first vibration mode, (b) second vibration mode, (c) third vibration mode, (d) fourth vibration mode, (e)
fifth vibration mode.

3 Hydrodynamic characteristics 
experimental study of the valve body

3.1 Experimental setup

The 1:15 scale model experiments in this study were rigorously 
designed following the Froude similarity criterion—the most widely 
adopted scaling law for hydraulic models, particularly suited for 
free-surface flows dominated by gravitational forces. This approach 
ensures identical Froude numbers between model and prototype. 
Notably, Reynolds number similarity cannot be simultaneously 
satisfied, resulting in a model Reynolds number approximately 
1/15th of the prototype’s value, which may relatively amplify viscous 
effects. To evaluate this scaling effect on pressure fluctuation 
measurements, we conducted Reynolds number sensitivity analyses. 
The results demonstrate that when the Reynolds number exceeds 104

(with the minimum experimental Reynolds number reaching ∼2.3 × 
104 in this study), pressure fluctuation amplitudes vary by less than 
5%, remaining within acceptable engineering tolerances.

A 1:15 hydraulic model of the valve body under normal 
pressure conditions was built, with a focus on a filling valve. 
As shown in Figure 6, the model consists of an up-stream connecting 
channel, the valve section, a downstream flat-bottom channel be-
hind the valve, and a downstream connecting channel. For the 
experiment, a double-panel, fully enclosed, reverse-arc valve with 
good performance for high-head dynamic opening and closing 
and vibration resistance was selected. The valve section’s channel 

opening dimensions are 3.0 × 4.0 m (width × height), with the outer 
radius of the reverse arc panel being 5.80 m and the inner panel 
radius being 5.18 m. The down-stream channel behind the valve 
adopts a “top gradual expansion + flat-bottom” design, with the 
maximum height of the channel increased by 0.4 m compared to the 
valve section.

In the prototype, the valve opening and closing system adopts a 
mature vertical-cylinder hydraulic actuator scheme. The hydraulic 
actuator is well-suited for the valve’s lifting rod system and can 
suppress valve vibration to some extent. High-precision pulsating 
pressure sensors and tensile/compression sensors are used to 
measure the non-steady flow pressure in the channel and the valve 
opening and closing force characteristics. Six pressure sensors are 
arranged on the outer panel of the valve to monitor pressure 
information. The sensor layout is shown in Figure 7.

3.2 Hydrodynamic characteristics of the 
valve body

Under the conditions of the maximum upstream navigation 
water level of 190.0 m and the minimum downstream navigation 
water level of 163.0 m, with a 7-min valve opening time, the 
pressure head process curve of the downstream valve panel 
is shown in Figure 8. When the valve opens to n = 0.10, n = 0.17, 
n = 0.26, n = 0.42, and n = 0.58, the pressure measurement points 
m6, m5, m4, m3, and m2 successively enter the gate sill gap section. 
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FIGURE 6
1:15 hydraulic model of the valve body under normal pressure conditions: plan view and field experimental setup.

FIGURE 7
Schematic diagram of pressure monitoring point locations on the 
valve body.

Under the influence of the high-speed water flow in the gap, the 
pressure decreases sharply. When the valve opens to around n = 
0.76, the m1 measurement point enters the gate sill gap section. 
At this point, the water head difference at the entrance and exit of 
the gap decreases, and the flow velocity of the gap water is lower, 

causing little variation in the pressure at the measurement point. 
After leaving the gate sill gap section and entering the valve chamber, 
the pressure head process curve at each measurement point is mainly 
controlled by the pressure in the valve chamber.

Pressure measurements in the valve chamber (11#) were 
obtained using a dedicated pressure sensor installed at the center 
of the chamber ceiling. When the opening ratio exceeds n > 
0.76, the measurement points on the valve panel enter the valve 
chamber, where pressure readings become directly influenced by 
chamber pressure rather than gap flow dynamics. The results 
demonstrate that valve chamber pressure provides critical insights 
into energy dissipation processes as flow transitions from confined 
gap conditions to more stabilized chamber flow patterns.

The pressure distribution profiles recorded at measurement 
points M6 through M1, as illustrated in Figure 9, reveal significant 
hydrodynamic phenomena in the pier gap region. The observed 
negative pressure values demonstrate the development of localized 
suction effects and sub-atmospheric conditions within the high-
velocity jet zone, consistent with Bernoulli’s principle governing 
pressure-velocity relationships in confined flows. These sub-
atmospheric conditions, when sufficiently pronounced, may 
potentially induce cavitation if the local pressure falls below the 
vapor pressure of water. Detailed measurements show distinct 
pressure minima at specific gate openings: at n = 0.20, point M5 
near the gate sill throat registers −4.20 m water column; at n = 0.30, 
point M4 records −9.00 m; and at n = 0.47, point M3 measures 
−4.80 m.
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FIGURE 8
Pressure head process curve of the downstream valve panel measurement points (11# represents the valve chamber pressure head).

FIGURE 9
Pressure process curves of the m1-m6 measurement points on the valve outer panel.

The transition to positive pressure values occurs when the 
gate opening exceeds n = 0.5, marking a critical threshold in 
the system’s hydrodynamic behavior. Below this threshold, the 
negative pressure regime enables natural ventilation - a protective 
mechanism where atmospheric air is entrained through dedicated 
slots to form an air-water mixture that mitigates cavitation risks. 

This ventilation phenomenon ceases when the opening surpasses 
n = 0.5, as the resulting positive pressure conditions prevent air 
entrainment, eliminating this crucial cavitation protection. The 
precise identification of this transition point holds substantial 
implications for valve design optimization and operational safety 
protocols in hydraulic structures.
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FIGURE 10
Pressure fluctuations on the valve downstream panel.

3.3 Valve body pressure fluctuations

Figure 10 illustrates the pressure fluctuations measured at 
multiple points on the valve body. Following valve opening, the 
pressure at downstream panel locations is predominantly affected 
by the flow structure developing behind the valve. The fluctuation 
patterns across all measurement points (m1–m5) exhibit systematic 
variations with valve opening degree. At n = 0.1, the fluctuation 
amplitude at m1 is only about 0.16 m water column, increasing 
gradually until peaking around 0.76 m water column near n 
= 0.5, then declining as the opening further expands and the 
point positions exceed the gap throat section. Points at higher 
elevations (m2–m5) show similar waveforms with distinct phase 
shifts. Specifically, the maximum fluctuation amplitude occurs at 
n = 0.52 for m2 (approximately 0.68 m water column), n = 0.37 
for m3 (0.62 m), n = 0.21 for m4 (0.61 m), and n = 0.10 for m5 
(0.52 m). This sequential shift arises because each sensor intersects 
the high-velocity jet region at different valve openings, with elevated 
points encountering critical flow conditions at larger openings. 
Due to its low elevation, m1 is immediately exposed to the jet 
flow through the valve-sill gap even at small openings, resulting 
in pronounced pressure drops consistent with Bernoulli’s principle. 
Under completely closed conditions (n = 0), the fluctuation is 
negligible, attributable mainly to minor water level oscillations in 
the upstream channel without significant flow. Once the points 
are submerged within the valve well, fluctuations diminish sharply 
due to the damping effect of the well water level. (Wang et al., 
2023) results show that the peak fluctuation of ordinary fan valves 
usually occurs in the range of n = 0.3–0.4. The reverse design of this 
study effectively delays the occurrence of high fluctuation zone and 
provides a wider safety window for valve operation.

3.4 Hydrodynamic characteristics of the 
valve body

The frequent opening and closing of the ship lock gate 
valve, combined with the complex operating conditions, presents 
significant challenges in the design and construction of ship locks. 

Besides hydrodynamic loads, cavitation characteristics, and anti-
cavitation measures, which are critical technical issues in ship lock 
design, ensuring the reliability and flexibility of the valve system 
is also a key focus for designers. The opening and closing force of 
the valve is directly related to the design of both the valve structure 
and the capacity of the opening/closing mechanism. The calculation 
formulas for the reverse arc valve opening and closing force as shown 
in Equations 6, 7:

Fw =
1

R1
(nT(Tzdr0 +Tzsr1) + F1r3 − nGGr2) (6)

FQ =
1

R2
(nT(Tzdr0 +Tzsr1) + n′GGr2 +GjRi + F2r4) (7)

Where Fw is the closing force of the gate, When Fw > 0, external 
force is required to close the gate, while when Fw < 0, the gate can be 
closed by its own weight, FQ is the opening force of the gate, r0, r1, 
r2, r3, r4 are the moments of forces acting on the pivot point of the 
arc-shaped gate. These include the rotational hinge resistance, the 
water-stop resistance, the weight of the gate, the upward lift, and the 
downward suction force, R1, R2 are the moments of forces caused by 
added weight (or downward pressure) and the opening force at the 
pivot of the arc-shaped gate, Tzd represents the rotational frictional 
resistance, Tzs represents the hydraulic resistance, F1,F2 represent 
the upward lift and downward suction forces, respectively.

In the experimental model, a high-precision tension-
compression sensor was employed to measure the opening and 
closing forces of the gate. To eliminate the influence of the weight 
difference between the prototype and the model gate on the 
hydrodynamic opening force, the net hydrodynamic opening 
force—defined as the difference between the hydrodynamic and 
hydrostatic opening forces—is typically used to characterize the 
effect of flow on the gate operation system.

When the gate is opened with a timing parameter of tv1 = 
7 min, the time-history curves of the hydrodynamic opening force, 
hydrostatic opening force, and net hydrodynamic opening force 
are shown in Figure 11. During the gate opening process, the 
opening force initially increases and then decreases. After the top 
sealing of the gate separates from the sill, the hydrodynamic opening 
force gradually increases. A peak opening force occurs when the 
gate opening ratio is in the range of n = 0.2–0.4, indicating that 
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FIGURE 11
Time history of net hydrodynamic opening force of the gate under flow conditions (tv = 420 s).

FIGURE 12
Time histories of hydrodynamic and hydrostatic forces during gate opening and closing.

the downward suction at the bottom edge of the gate reaches its 
maximum. Subsequently, the opening force gradually decreases. 
When the gate is opened at tv1 = 7 min, the maximum net 
hydrodynamic opening force reaches 200 kN.

When the gate is fully opened at a rate corresponding to tv1 = 
7 min, followed by a brief pause and then closed at a rate of tv2 = 
3 min, the time-history curves of the hydrodynamic and hydrostatic 
forces during opening and closing are shown in Figure 12, and 
the net hydrodynamic force curve is presented in Figure 13. The 
closing force exhibits a characteristic “decrease–increase–decrease”
trend.

At the initial stage of gate closure, the rapid rise in the well 
water level enhances the upward thrust on the gate, resulting in a 
sharp drop in the closing force, reaching a minimum. The minimum 
net hydrodynamic closing force is approximately −150 kN. Since no 
side sealing or top sealing is applied to the model gate, additional 
resistance components such as side sealing friction and top sealing 
friction—both of which are present in the prototype, especially near 
full closure—must be carefully considered in the structural weight 
design of the gate.

As the closure continues, the closing force increases gradually 
due to the weakening of the upward thrust and the strengthening 
of the downward suction force exerted by the mainstream on the 

bottom edge of the gate. The dominant hydraulic action transitions 
from lift to suction. When the gate opening ratio reaches n = 0.55, 
the closing force peaks. 

3.5 Hydrodynamic load characteristics of 
the gate segment during flow-induced 
closure

Under high head and large flow conditions, the closure of the 
gate under flow (i.e., dynamic water closure) results in a sudden 
change in flow velocity due to flow inertia. This produces a negative 
pressure wave phenomenon in the culvert, characterized by a rapid 
pressure rise upstream of the gate and a simultaneous pressure 
drop down-stream. As a result, the hydraulic head acting on the 
gate increases, and the operating conditions of the gate deteriorate 
significantly.

The magnitude of the pressure variation on both sides of the 
gate is influenced by several factors, including the gate opening and 
closing rates (tv1 and tv2), the duration of the interval between gate 
opening and closing, and the closure opening ratio n. From the 
perspective of enhancing the operational safety and reliability of 
the navigation lock, the hydrodynamic loads acting on the gate and 
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FIGURE 13
Time history of net hydrodynamic force during gate opening and closure.

culvert section under accidental shutdown or emergency dynamic 
closure at any opening position are of critical importance.

The water level in the gate well, the downstream pressure, 
the resultant hydraulic head acting on the gate, and the 
hydrodynamic load coefficient of the gate are calculated as shown in 
Equations 8–11:

Hw =H1 − ξ1
v2

2g
− L′

g
dV
dt

(8)

Pc/γ =H′T − μ2
nHn[ξ2 − α(2√ξ′vn + α)]− L″

g
dV
dt

(9)

ΔH =Hw− Pc/γ (10)

K f = ΔH/H0 (11)

where: Hw is the water level in the gate well, ξ1, ξ2 are the resistance 
coefficients of the upstream and downstream water-conveyance 
systems, respectively, μn, Hn, and ξ′vn denote the discharge coefficient 
at opening ratio n, the head difference between the upstream and 
downstream lock chambers, and the resistance coefficient of the gate, 
respectively, L′, L″ are the equivalent inertial lengths of the upstream 
and downstream culverts, α is the culvert expansion ratio between 
the upstream and downstream of the gate, V is the average velocity 
at the gate section, ΔH is the resultant hydraulic head acting on the 
gate, H0 is the initial hydraulic head acting on the gate, K f  is the 
hydrodynamic load coefficient of the gate.

When the gate is opened at a rate of tv1 = 7 min to different 
opening positions and then subjected to emergency closure at a rate 
of tv2 = 3 min, the variations in gate well water level, top pressure 
in the downstream culvert, and the hydrodynamic load coefficient 
with respect to gate closure opening are shown in Figure 14. (1) 
As illustrated in the figure, a pressure surge is observed in the gate 
well during emergency braking at all tested opening positions. The 
larger the gate opening at the moment of emergency braking, the 
lower the pressure head in the gate well. After the gate is fully 
closed following the braking event, the pressure in the gate well 
rises and stabilizes at the same level across all conditions. (2) The 
maximum hydrodynamic load coefficient reaches approximately 
1.22, occurring at a gate opening ratio of n = 0.3, indicating 
that under this condition, the gate experiences the most severe 

hydrodynamic loading during flow-induced closure. At an opening 
ratio of n = 0.3, the flow passage geometry between the valve and 
the sill forms a critical transition zone, inducing significant flow 
separation at the sill edge and generating a strong shear layer. Under 
this condition, the high-velocity jet interacts with the downstream 
recirculation zone at the bottom panel of the valve, creating two 
symmetric vortex structures. The periodic shedding of these vortices 
induces pronounced fluid-structure interaction effects with the 
valve motion. At other opening positions, the hydrodynamic load 
coefficient generally decreases with increasing closure opening. 
Based on this analysis, it is recommended that a “descending velocity 
profile” be adopted in the gate control strategy—i.e., a non-uniform 
closing rate. This approach can mitigate the impact force exerted 
by the gate on the bottom slab and reduce the excessive rise in 
gate well water level caused by rapid closure, thereby lowering the 
hydrodynamic load coefficient acting on the gate.

3.6 Effect of opening rate on 
hydrodynamic load

The variations in gate well water level, downstream pressure, 
and hydrodynamic load coefficient with respect to the opening rate 
are shown in Figure 15. As illustrated in the figure: (1) The faster the 
opening rate, the greater the drop in the gate well water level. When 
the gate opens at rates of tv1 = 5 min∼9 min, the corresponding 
drops in the gate well water level are 15.62 m, 14.54 m, 13.47 m, 
12.09 m, and 11.26 m, respectively. (2) The variation trend of the 
downstream pressure is the opposite: as the opening rate increases, 
the rate of increase in the downstream pressure gradually decreases. 
When the gate opens at rates of tv1 = 5 min∼9 min, the increases in 
the top pressure in the downstream culvert are 14.87 m, 16.28 m, 
17.36 m, 18.43 m, and 19.27 m, respectively. (3) The effect of 
opening rate on the hydrodynamic load coefficient is not significant. 
When the gate opens at different rates, the hydrodynamic load 
coefficients are 1.18, 1.16, 1.15, 1.13, and 1.12, respectively. After 
the gate reaches full opening and is closed at a rate of tv2 = 3 min, 
the hydrodynamic load coefficients during closure are 0.78, 0.67, 
0.59, 0.57, and 0.50, respectively. These coefficients increase with 
the opening rate but are all smaller than the hydrodynamic load 
coefficients during the opening process.
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FIGURE 14
Variation of gate well water level, downstream culvert top pressure, and hydrodynamic load coefficient with gate opening.

4 Conclusion

Through three-dimensional finite element static-dynamic 
numerical analysis and model experiments, the force-deformation 
characteristics and hydrodynamic characteristics of the floodgate 
valve under different conditions were investigated. The 
following conclusions were drawn:

1. Under the conditions of water retention, gate opening, and 
dynamic water closure, the valve deformation is generally 
small. The maximum displacement is 2.74 mm, which occurs 
at the center of the panel between the first and second 
crossbeams at the bottom of the valve. The equivalent stress 
of the valve is generally within 100 MPa, with the maximum 
equivalent stress being 142.4 MPa, occurring at the connection 
between the crossbeam and the panel, indicating stress 

concentration. Both the maximum displacement and stress 
occur under the dynamic water closure condition with 
a 1.8 dynamic load factor. The calculation of the natural 
frequency indicates that the first mode frequency of the valve 
is 14.734 Hz, which is well above the high-energy region 
of flow-induced excitation, and the likelihood of resonance 
or severe vibration under random flow-induced loads
is low.

2. The structural design of the valve is generally reasonable. 
From the perspective of dynamic water closure requirements, 
it is recommended to appropriately increase the structural 
dimensions of the valve. This will increase the self-
weight of the valve, improving the reliability of dynamic 
water closure, while also reducing the deformation and 
stress levels. Based on the valve’s structural dimensions 
and force-deformation characteristics, it is suggested to 
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FIGURE 15
Variation of gate well water level, downstream culvert top pressure, and hydrodynamic load coefficient at different opening rates.

increase the thickness of the outer panel from 20 mm to
24–30 mm.

3. During the gate opening process, measurement points gradually 
enter the gap segment of the gate. In this area, the flow area is 
relatively small, and high-velocity gap flow is formed, causing 
a rapid pressure drop and an increase in pressure fluctuations. 
As the valve opening further increases, the measurement points 
enter the valve well, where the pressure stabilizes due to the 
water level in the well, and the amplitude of the fluctuations 
sharply decreases. Analysis of the pressure process lines at each 
measurement point shows that the gate sill can naturally ventilate 
up to a gate opening of n = 0.5, but above this opening, the gate 
sill cannot naturally ventilate.

4. The hydrodynamic load coefficient was defined for the 
valve under different operating conditions, and the 

influence of instantaneous valve closure at different opening 
positions and the effect of different opening rates on 
the hydrodynamic load coefficient were discussed. The 
results show that the maximum hydrodynamic load occurs 
during dynamic water closure at n = 0.3, while the 
hydrodynamic load coefficient decreases with increasing 
closure opening at other conditions. Additionally, the opening 
rate has a relatively small effect on the hydrodynamic load
coefficient.
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