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Abstract

:

Hydraulic structures, such as movable weir gates, are widely installed in rivers and streams for various purposes. Among these is the rising sector gate, which is the focus of this study. This research investigated how different gate openings affect flow velocity and turbulence distributions at the gate mouth. A hydraulic analysis of flow and turbulence characteristics near the mouth of a rising sector gate model was conducted through laboratory experiments with various flow conditions and gate openings utilizing a Particle Image Velocimetry (PIV) system. Experimental tests were carried out with two gate-opening angles (30 and 45 degrees). The PIV measurements revealed significant variations in flow velocity and turbulence properties in response to the gate openings and flow conditions. Notably, in the vicinity of the gate mouth, where the flow regime changes rapidly between the upstream and downstream regions, the turbulence properties in the upstream part of the gate mouth were more than twice those in the downstream part. Additionally, the streamwise distribution of depth-averaged relative turbulence intensity was analyzed. The results showed that the depth-averaged relative turbulence intensity decreased by nearly half as the gate opening increased from 30 to 45 degrees, with the lowest values observed at the gate mouth, followed by an increase downstream. A functional relationship between the maximum flow velocity at the gate mouth during underflow operation and the Froude number was established to guide practical gate operation in the field.
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1. Introduction


Currently, South Korea, along with the rest of the world, is experiencing more frequent droughts and floods, primarily due to climate change and uncontrolled industrialization. These events have led to increasing damages to both property and human life. Moreover, critical issues like water shortages and the pollution of rivers and streams require urgent attention. Since 2008, the Four Major Rivers Restoration Project has been underway, aiming to enhance the environmental quality around the rivers, which had been previously neglected, and to tackle water-related problems stemming from climate change. A significant aspect of this restoration project involves the construction of 16 multi-purpose weirs in the four major river basins. These weirs are expected to ensure stable water surface elevation, sufficient water discharge, an eco-friendly environment, and sustainable ecological habitats. However, despite the evaluation of their effectiveness and the use of scaled physical and numerical modeling for the weir gates’ design, various damages and problems have arisen during the flood season in the developed river basins. These issues include scour problems downstream of weir gates, head cutting in confluences, and partial collapses of hydraulic structures. Furthermore, inappropriate operations and maintenance of weir gates and other structures have accelerated ecological problems and habitat difficulties. Consequently, engineering solutions and sustainable efforts are urgently required to overcome these challenges. In particular, improvements in the structural design of weir gates and sub-structures are necessary. Numerous previous studies have addressed this topic, particularly employing various measuring apparatuses and practical approaches. Experimental investigations have provided detailed and consistent information on the statistical properties of turbulence in open-channel flows and boundary layer flows. While PIV has been widely used to provide spatial information on turbulent flow, its capability to provide distributions of time-averaged turbulence quantities, especially those involving high-order moments such as skewness or turbulent kinetic energy, requires further investigation [1]. And, a previous study presented different approaches for the flow of sluice gates [2]. The use of sluice gates as discharge-measuring structures is found in the work of Rajaratnam and Subramanya [3]. Numerous studies have been reported in the literature concerning the flow over weirs, including those by Ackers et al. [4] and Swamee [5]. Specifications and proper installation methods for weirs for flow measurements have been discussed by BSI [6] and USBR [7,8,9]. Additionally, studies have examined the characteristics of scour holes downstream of combined free flow over weirs and below gates [10]. The rising occurrence of these events has prompted increased research interest in developing new risk analysis methods for preventing and mitigating potential harm to people, the natural environment, and industrial facilities. The concept of multi-hazard involves the combination of two or more threat factors occurring in an isolated, simultaneous, or chain reaction manner, leading to a triggering disaster event. Therefore, we tried to conduct a comprehensive review of the design documents and standards related to riverbed protection. Specifically, we focused on examining standards that incorporate and reflect the hydraulic characteristics of the river and evaluate those structures’ performance. In this study, we employed a physical laboratory experimental approach to analyze the hydrodynamics of the flushing operation of the rising sector gate, focusing on its impact on water flow and sediment management.




2. Research Background


2.1. Gated Weir Flow


The types of weirs in rivers and streams can be classified as fixed and movable weirs. The movable weir, due to its diversity in water level control, is commonly installed and operated for various purposes. A roller gate is one of the most commonly applied types of movable weir and is classified with four kinds of operations in the field. Schematics of these are provided in Figure 1. The operation of a roller gate involves four key flow regimes: Figure 1a shows free weir flow, where water freely flows over the weir when the upstream water level is higher than the downstream level, and the downstream level does not submerge the weir; Figure 1b shows submerged weir flow, which occurs when the downstream water level is high enough to partially or fully submerge the weir, thereby restricting the flow; Figure 1c shows free orifice flow, where water flows freely through the gate opening when the gate is partially open, and the downstream level is lower, allowing unobstructed flow; and Figure 1d shows submerged orifice flow, which happens when the downstream water level is high enough to submerge the gate opening, restricting the flow through the orifice. Each of these is crucial for effective water level management and flood control.



The overflow of the weir floor usually has large values of energy and velocity. Therefore, to protect the bed structures of weirs and their downstream areas, many kinds of engineering designs have been applied. Recently, design techniques for movable weir gates have been developed and applied in the field. Newly designed weir gates can continuously remove the sediment upstream and flexibly control the water surface elevation. However, most of them have only focused on improving the function and shape of the weir gate, and the bed structures have been designed with classical design methods. Even though financial and physical advantages could be obtained with new techniques, a lot of problems and weaknesses in designing movable weir gates and structures still remain. Flow changes can be induced by varying upstream or downstream discharge, as well as by routine gate operation. In general, four types of flows can be observed at the gate. Each of the four regimes has a unique equation, and the flow can transition from one regime to another. In the design of underflow gates such as sluice, tainter, and roller gates, hydraulic engineers prioritize understanding the head–discharge relationship and pressure distribution across the gate surfaces. The design of the gate lip is critical, as it impacts the flow behavior and can cause undesirable vibrations if not properly configured [11].



There are many types of movable weir gates, with the rising sector gate being increasingly popular in recent years due to its versatility and effectiveness [12,13,14,15,16,17]. Most of the previous studies proposed functional relationships between hydraulic parameters and specific coefficients, such as discharge coefficients. However, there have been no studies that have conducted a detailed analysis of the precise velocity or turbulent behavior related to gate operation. This gate is particularly favored for its ability to provide precise control over water flow, making it suitable for a variety of applications, such as flood management, sediment flushing, and water level regulation. A rising sector gate operates by rotating on a horizontal axis, allowing it to control the water flow by raising or lowering the gate. This design offers efficient and flexible water management, especially in environments where accurate flow control is critical (Figure 2). Therefore, depending on the gate operation method, particularly for the undershot operation, which can flush out sediments accumulated in the upstream section, it is necessary to analyze the flow and turbulent properties when the lower part of the gate is partially opened.



The rising sector gate also operates in four distinct flow regimes based on those of a gated weir flow (Figure 3). In Figure 3a, the gate is fully lowered and locked in place for safe maintenance and inspection operations. In the fully open position of a gated flow system, when the gate is completely open, resulting in no step difference, a hydraulic jump can occur, which can enhance oxygen aeration. Figure 3b shows the flood control position, where the gate is fully closed to the upstream direction, effectively blocking water flow to control upstream water levels. Figure 3c illustrates the undershot flow position or flushing, where the gate remains in the flood control position but is slightly raised at the bottom, allowing water to flow underneath and flush out sediments accumulated upstream, which is the type focused on in this study. Finally, Figure 3d depicts the maintenance position, where the gate is lifted entirely upward, enabling water to flow freely beneath it while allowing for inspection or maintenance of the gate structure.




2.2. Flow and Turbulence


There are various methods for considering flow and turbulence properties. However, one approach to quantifying and analyzing these properties across an entire area is to calculate the depth-averaged relative turbulence intensity (   r 0   ).    r 0    is particularly useful as it can be directly applied in the field with no scale effects [18,19]. It can be calculated as follows:


   r 0  =    k 0    /  U 0   



(1)




where    k 0    and    U 0    are the depth-averaged turbulence energy per unit mass and depth-averaged flow velocity, respectively.    k 0    can be integrated from the depth-wise directional distribution of turbulent kinetic energy per unit mass ( k ) as follows:


   k 0  =   1 h     ∫  0 h  k  ( z )  d z  



(2)




where  h  is the water depth, and  k  is the mean turbulent kinetic energy per unit mass associated with eddies in turbulent flow.  z  denotes the depth-wise directional location.  k  can be calculated through the summation of three-dimensional turbulence intensity as follows:


  k =  1 2  (     u ′  2   ¯  +     v ′  2   ¯  +     w ′  2   ¯  )  



(3)







The three terms related to flow fluctuation on the RHS of Equation (3) are calculated as follows:


      u ′  2   ¯  =      (  u −  U ¯   )   ¯   2   



(4)






      v ′  2   ¯  =      (  v −  V ¯   )   ¯   2   



(5)






      w ′  2   ¯  =      (  w − W  )   ¯   2   



(6)




where  u ,  v , and  w  are instantaneous flow velocities in the streamwise, width-wise, and depth-wise directions, respectively. Additionally, the apostrophe and overbar denote the properties of the flow fluctuation and time-averaging, respectively.



The Reynolds shear stress represents the shear stress arising from turbulence in the fluid flow and is calculated using the time-averaged values of the fluctuating velocity components. This is a key factor used in this study for analyzing the turbulent components of gated flow in undershot operation. Based on the decomposition of the three-dimensional flow velocity distribution, the Reynolds shear stress in the x-z plane is calculated using the following equation:


   τ  x z   = −  ρ w     u ′   w ′   ¯   



(7)




where    τ  x z     is the Reynolds shear stress in the x-z plane,    ρ w    is the water density, and      u ′   w ′   ¯    is the time-averaged product of the fluctuating velocity components in the x- and z-directions.





3. Laboratory Experiments


3.1. Model Setup


Laboratory experiments for this research were conducted in a glass-walled flume. The flume has overall dimensions of 17.5 m in length, 0.6 m in width, and 0.8 m in depth. A head tank, measuring 2.9 m in length, 1.2 m in width, and 1.5 m in height, was connected to the upstream end of the channel to stabilize the water supply. Two honeycomb screens were installed within the head tank. The side walls and part of the channel bottom were constructed from 8 mm and 12 mm thick glass, respectively. Notably, the transparent glass bottom allowed a laser sheet to be projected from below the flume. The flume was reinforced and supported by a painted steel framework. The open channel for measurement had dimensions of 15.0 m in length, 0.6 m in width, and 0.8 m in depth. At the downstream end, a steel sluice gate was installed to control the water surface elevation (Figure 4 and Figure 5).



The water discharge for the experiments operates in a fully recirculating system as follows: Water from the first water supply tank is pumped through a trumpet-shaped suction pipe by the water supply pump. An ultrasonic flowmeter (Ultraflux Co., Ltd., Yerres, France) is installed in the middle of the water supply pipe to monitor the flow rate based on the experimental condition. A perforated pipe installed in the head tank ensures a stable water discharge through a pair of honeycomb screens and low weirs. After passing through the channel, the water is collected in the second water supply tank and then delivered back to the first water supply tank via a connecting rectangular culvert positioned 0.5 m above the tank bottom. This experimental setup features a recirculation system where the water that passes through the tailgate, installed downstream to maintain the water surface elevation, is recycled in two water supply tanks located beneath the flume. The recycled water is then pumped back to the head tank by a water supply pump (Figure 4, Figure 5 and Figure 6).




3.2. Measuring Apparatus and Gate Model


For visualization of the flow near the weir gate, four components were utilized. The laser source was a 135 mJ dual NdYAG operating at a wavelength of 532 nm with a pulse rate of 15 Hz. Various laser light sheet optics were employed to spread the laser beam. A digital camera with a 2-megapixel resolution was used to capture fluid motion, providing a relatively large interrogation area. All components were synchronized using a synchronizer to coordinate the capture commands and image acquisition (Figure 7, Appendix A).



For PIV measurement, a laser injector, synchronizer, CCD camera, and optic lens are required. The pulse laser generator consists of two laser heads and provides stable, high output without calibration, and the optic lens is a device that creates a laser sheet by attaching or detaching from the head of the laser injector and allows accurate irradiation of the fluid to be measured. The synchronizer is a device that synchronizes the operation of the pulse laser and CCD camera and adjusts the cycle of signal processing (Figure A1 in Appendix A).



The experiment was conducted using the PIV measuring system installed alongside the experimental channel and water supply system described in Section 3.1. As shown in Figure 8, when water flows through the flume, the laser sheet is refracted in the perpendicular direction to measure the two-dimensional vertical flow behavior (x-z) within the channel. To avoid the influence of water surface fluctuations, a tempered glass channel bottom was installed in the analysis area, allowing the laser sheet to be scanned from the bottom of the flume toward the water surface (Figure 8). The coordinates of the CCD camera are controlled by an auto-traverse device mounted on the carriage, which can be operated via a PC (Figure A2 in Appendix A).



The total length of the gate model is approximately 1000 mm, with a width of 450 mm. The gate section was manufactured with an arc length of 150 mm, and all components, including the pier section, were made of acrylic to maximize the transmittance of the laser sheet. The interior was designed to be hollow. The gate model was constructed to allow for complete opening, complete closing, and partial opening at angles of 30°, 45°, and 60°. The inlet and outlet of the gate section, where the gate is connected, were designed with sine-curved surfaces to ensure the smooth inflow and outflow of the supply water, and the bottom surface of the inlet was shaped into a wedge to stabilize the water flow upstream (Figure 9 and Figure 10).



Images captured with a CCD camera using the PIV measurement method can be more easily post-processed using Insight3G v8.1, a specialized image post-processing software. The velocity data files (*.vec) acquired over time can be used to calculate various velocity and turbulence parameters using Tecplot 360 EX 2023 R and Matlab-2024a, which are integrated into Insight3G v8.1. Tecplot includes built-in functions that can calculate factors such as Reynolds stress distribution, turbulence intensity, and vorticity distribution over time, and it is designed to be easily operated on Windows without the need to modify the internal code. Matlab-2024a allows users to extract and save the velocity changes at specific points of interest over time as data files.



In this study, the data for each experimental condition were acquired with a sampling rate of 10 Hz for 50 s, resulting in the analysis of 500 images, considering previous research [20,21,22,23,24]. The time-averaged velocity and fluctuating flow components were then calculated. The measurement area for this experiment was set to 160 mm in the flow direction (x-direction) and 120 mm in the water depth direction (z-direction). The section covered by the gate model was excluded from the post-processing grid. The gate was considered completely closed at 0°, and experiments were conducted with the gate partially opened at angles of 30° and 45° toward the upstream direction.



In this study, the flow and turbulence properties were analyzed during the undershot operation, or flushing operation, which is one of the four flow regimes of the rising sector gate. The experiment was conducted under 12 different conditions, using varying upstream supply flow rates (   Q u    = 0.003, 0.006, and 0.010 m3/s), two downstream water levels (   h d    = 0.355 m and 0.400 m), and two gate-opening angles (30° and 45°) (Table 1).





4. Results


4.1. Time-Averaged Flow Velocity Distribution


A total of 500 data sets were acquired at a sampling rate of 10 Hz, and the time-averaged velocity profiles are presented in Figure 11 and Figure 12 for gate openings with 30 and 45 degrees. The flow patterns upstream of the weir gate are relatively stable, while the downstream flow tends to circulate back toward the upstream as the upstream discharge and downstream water surface elevation increase. Localized vortices are observed near the boundary of the weir gate. The velocity at the gate opening exceeds approximately twice the cross-sectional averaged velocity.



Under the upstream water discharge condition of 0.003 m3/s, the maximum velocity occurs at the lower discharge section of the gate, with the exception of localized eddy formations. Additionally, as the upstream water discharge increases, the velocity shows a slight increase compared to the 0.003 m3/s condition. Notably, the velocity at the boundary between the gate mouth and the upstream section is significantly higher. This velocity distribution is expected to increase the shear stress on the gate structure, potentially contributing to structural damage and degradation. When the flow rate is 0.010 m3/s, a prominent backward flow pattern emerges in the downstream section of the sluice gate. This is likely due not only to the velocity deviation from the upper layer as water passes through the open section of the gate but also to the influence of the arc-shaped water receiver downstream of the gate. Figure 12 illustrates the velocity distribution when the sluice gate is opened at 45°. The results indicate that the height of the outlet at the open sluice gate more than doubled compared to the 30° opening, while the average discharge velocity decreased. Additionally, it was observed that the tendency for the velocity to flow downward along the upstream boundary of the gate diminished significantly when the downstream water level was increased.




4.2. Turbulence Properties


From the time-averaged velocity values in Figure 11 and Figure 12, the turbulent components in the x- and z-directions were calculated (Figure 13, Figure 14, Figure 15 and Figure 16), and based on this, the Reynolds shear stress per unit density (    u w  ¯   ) distribution was analyzed (Figure 17 and Figure 18). For the    u ′    distribution, there was a small deviation both upstream and downstream of the gate mouth when the opening was set at 30°, but at 45°, the deviation was larger, with the upstream turbulence component being greater than the downstream component (Figure 13 and Figure 14). Similar patterns were calculated in the    w ′    distribution as well (Figure 15 and Figure 16). The maximum value of    w ′    also occurred, in all cases, near the bottom (x = ~50 mm, z = ~0 mm), where the gate model can be lowered. This is due to the increasing velocity deviation between the upper and lower layers as the flow approaches the arc-shaped bottom structure of the gate model.



The Reynolds shear stress measures the additional shear force in a turbulent flow caused by fluctuating velocity components. It reflects how turbulence contributes to the overall shear stress in the fluid, indicating the level of turbulence and momentum transfer between fluid layers. The distributions of the Reynolds shear stress per unit density (    u w  ¯   ) in each case are depicted in Figure 17 and Figure 18 using the results of    u ′    and    w ′   . Within the vortex, due to the backward flow pattern,     u w  ¯    tends to be relatively low. However, at the boundary between the vortex and the primary streamwise directional flow, where a significant velocity deviation occurs, strong mixing can result in an increase in     u w  ¯   . This has some similarities to former research, where the effects of rotational flow in turbulence from generated and dissipated vortices in corrugated pipes were displayed [25,26,27]. Particularly in the FO1-301 case from Figure 11e, where the characteristics of the backward flow pattern were prominent, the     u w  ¯    value near the rear of the gate model was calculated to be ~0.15 m2/s2, which is about twice that of the other cases in Figure 17 and Figure 18 (=~0.05 m2/s2).




4.3. The Vertical Distribution of Flow Velocity at the Gate Mouth


The velocity components passing through the gate mouth in both the  x - and  z -directions were analyzed for two gate openings, as shown in Figure 19 and Figure 20. In the FO1 cases (30° gate opening), the overall  u  distribution exhibited depth-wise variation, with the maximum velocity occurring at  z  = 5 mm. However, near the bottom,  u  decreased due to bottom friction, a phenomenon that was more pronounced under conditions where    h d    = 0.400 m. The distribution of  w  generally showed negative values, indicating flow toward the channel bottom, except for some points when the flow rate condition was 0.003 m3/s (Figure 19). This trend was more pronounced in the FO2 cases (45° gate opening). As the gate opening increased, the height of the orifice section of the gate opening increased, resulting in  u  values approximately half of those in the FO1 cases. However, a rapid increase in  u  was observed near the maximum  z  position ( z  = 54 mm from the model bottom), particularly near the tip of the gate mouth, which is also evident in the vector field shown in Figure 12. The  w  values in the FO2 cases demonstrated a more distinct pattern compared to the FO1 cases. Specifically, in the upper layer from  z  ≈ 20 mm, positive  w  values were observed, indicating flow toward the water surface, while in the lower layer, negative values of  w  indicated flow toward the channel bottom.



The value of the turbulent component at the gate mouth is significantly smaller than that of the entire region. Therefore, the flow component was made dimensionless and compared with the Froude number (Fr =    U 0  /   g  h d     ) of the experimental condition (Figure 20).  g  (=9.81 m/s2) is the gravitational acceleration. Specifically, each maximum value of velocity magnitude along the gate mouth was defined as    U  max    , and when this was made dimensionless with    U 0   , it was observed to gradually decrease as Fr increased (Figure 21). This trend was more clearly illustrated in the FO2 cases than in the FO1 cases. The regression equation for this functional relationship was derived with two characteristic coefficients, as shown in the following equation:


      u  max      U 0     = α ln  (  Fr  )  + β    



(8)




where  α  and  β  denote the characteristic coefficient and constant term, respectively.



From Figure 21, both values of  α  and  β  were estimated with negative values, as shown in Table 2. Based on the observed data, the results of calculating Equation (8) showed that for case FO2, the R2 value is 0.846, indicating a relatively strong correlation. In contrast, case FO1 yielded a lower R2 value of 0.274, suggesting a weaker correlation. However, by incorporating a discrepancy ratio line for both cases, the relationship can be demonstrated more clearly. This comparison underscores the consistency of the data despite the lower R2 value in case FO1. Future studies involving cases with larger Froude number variations, utilizing either 2D or 3D numerical simulations, can be expected to further clarify the trend observed in Equation (8), making the relationship more robust and insightful.




4.4. Spatial Variation in Depth-Averaged Relative Turbulence Intensity Along the Flow Direction


The flow and turbulence characteristics mentioned in Section 2.2, which can be simultaneously quantified using    r 0   , were plotted according to the streamwise location (Figure 22). The results indicate that both FO1 and FO2 cases show minimum values about 10 mm downstream from the gate mouth. In the FO1 cases, the values increased in the downstream region compared to the upstream, while in the FO2 cases, the downstream values were reduced by up to about 50% compared to the upstream. Therefore, it can be concluded that the 45-degree gate opening is more effective than the 30-degree gate opening in terms of turbulent energy dissipation.





5. Summary and Conclusions


This study investigated the hydraulic behavior and turbulent flow characteristics around a rising sector gate under the undershot operation condition, focusing on the effect of various flow rates, downstream water levels, and gate-opening angles. Experiments were conducted in a laboratory flume equipped with advanced measurement systems, such as Particle Image Velocimetry (PIV), to capture high-resolution velocity and turbulence data in the vicinity of the gate. A detailed analysis of time-averaged flow velocities, turbulence intensities, and Reynolds shear stress was carried out to better understand the flow behavior under different experimental conditions.



The study focused on four primary objectives:




	-

	
Flow Velocity Distribution: The velocity distribution near the gate opening revealed significant variations depending on the upstream discharge and downstream water surface elevation. In particular, the flow velocity at the gate mouth was considerably higher than the average cross-sectional velocity, which could contribute to increased shear stress on the gate structure. The experimental results demonstrated that the highest velocities were observed near the bottom of the gate opening, particularly in the 30° and 45° gate-opening scenarios.




	-

	
Turbulence Characteristics: The turbulence intensity was analyzed using depth-averaged turbulence energy and the Reynolds shear stress distribution. The results indicated that the turbulence intensity was higher near the boundary between the gate mouth and the upstream section, especially at greater flow rates. Additionally, the flow structure downstream of the gate exhibited prominent vortex formations, which were more pronounced with larger gate openings and higher flow rates.




	-

	
Reynolds Shear Stress: The distribution of Reynolds shear stress per unit density showed that the highest shear stress occurred near the bottom of the gate opening, where flow separation and high turbulence were observed. The experimental data indicated that the turbulence-induced shear stress was significantly affected by both the gate-opening angle and the upstream discharge conditions.




	-

	
Impact of Gate-Opening Angle: The gate-opening angle had a substantial impact on the flow regime. In the 45° gate-opening condition, the velocity and turbulence intensity were generally lower than in the 30° opening, but the vertical flow distribution showed greater depth-wise variation. This suggests that the larger gate opening provides a more uniform flow distribution but also allows for more complex turbulence structures near the gate mouth.









The findings of this research provide valuable insights into the flow and turbulence characteristics of rising sector gates in undershot operation. Several key conclusions can be drawn from the experimental analysis:




	-

	
Flow Velocity and Shear Stress: This study revealed that flow velocity and shear stress are significantly concentrated near the bottom of the gate opening. This concentration of forces poses potential risks for structural wear and failure, highlighting the importance of the design and maintenance of gate structures in practical applications of fields.




	-

	
Turbulence Intensity and Vortex Formation: The turbulence intensity and formation of vortices downstream of the gate were found to increase with higher flow rates and larger gate openings. These flow structures can influence sediment transport and downstream erosion, which is crucial for the design of hydraulic structures aimed at flood control and sediment management.




	-

	
Gate Design Implications: The results emphasize the need for precise control of gate operations to balance flow regulation, sediment flushing, and structural integrity. In particular, the findings suggest that the 45° gate-opening angle is more efficient in minimizing turbulence intensity while maintaining effective water discharge, making it a suitable decision for scenarios requiring moderate flow control and sediment flushing upstream of the movable weir gate.









Although this study provides a detailed analysis of flow and turbulence properties, further research is needed to explore the long-term effects of repeated gate operations on structural stability. Additionally, future studies could incorporate three-dimensional flow modeling to gain a more comprehensive understanding of the complex flow dynamics associated with various gate designs.
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Figure A1. Schematic diagram of cross-correlation processing in the PIV measurement. 






Figure A1. Schematic diagram of cross-correlation processing in the PIV measurement.
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Figure A2. A schematic diagram of the water, signal, and data flow in the experimental channel with the PIV measuring system. 






Figure A2. A schematic diagram of the water, signal, and data flow in the experimental channel with the PIV measuring system.
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Figure 1. Schematics of gated weir flow (revised from [11]). 
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Figure 2. Photos of rising sector gate. 
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Figure 3. Types of rising sector gate operation. 
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Figure 4. Design of experimental channel and water supply system. 
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Figure 5. Photos of experimental flume (inlet part). 
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Figure 6. Photos of outlet part and water supply system. 
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Figure 7. Photos of PIV measuring system. 
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Figure 8. Schematics of PIV measuring system in the experimental channel. 






Figure 8. Schematics of PIV measuring system in the experimental channel.



[image: Water 16 03004 g008]







[image: Water 16 03004 g009] 





Figure 9. Design of rising sector gate model. 
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Figure 10. Photos of acrylic model of weir gate. 
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Figure 11. Two-dimensional vector plots near the weir gate mouth (case FO1). 
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Figure 12. Two-dimensional vector plots near the weir gate mouth (case FO2). 
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Figure 13. Distribution of streamwise directional turbulence intensity (case FO1). 
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Figure 14. Distribution of streamwise directional turbulence intensity (case FO2). 
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Figure 15. Distribution of depth-wise directional turbulence intensity (case FO1). 
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Figure 16. Distribution of depth-wise directional turbulence intensity (case FO2). 
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Figure 17. Distribution of Reynolds shear stress per unit density (case FO1). 
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Figure 18. Distribution of Reynolds shear stress per unit density (case FO2). 






Figure 18. Distribution of Reynolds shear stress per unit density (case FO2).
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Figure 19. Comparison of dimensionless time-averaged flow velocity at the gate mouth (case FO1). 
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Figure 20. Comparison of dimensionless time-averaged flow velocity at the gate mouth (case FO2). 
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Figure 21. The functional relationship between the Froude number and dimensionless maximum velocity at the gate mouth. 






Figure 21. The functional relationship between the Froude number and dimensionless maximum velocity at the gate mouth.
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Figure 22. Longitudinal distribution of depth-averaged relative turbulence intensity. 
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Table 1. Experimental conditions.
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Gate Opening (Degree)

	
Case Number

	
    Q u     (m3/s)

	
    h u     (m)

	
    h d     (m)

	
Fr (-)






	
30

	
FO1_101

	
0.003

	
0.360

	
0.355

	
0.00755




	
FO1-201

	
0.006

	
0.385

	
0.01510




	
FO1-301

	
0.010

	
0.415

	
0.02516




	
FO1-102

	
0.003

	
0.410

	
0.400

	
0.00631




	
FO1-202

	
0.006

	
0.428

	
0.01262




	
FO1-302

	
0.010

	
0.483

	
0.02103




	
45

	
FO2-101

	
0.003

	
0.355

	
0.355

	
0.00755




	
FO2-201

	
0.006

	
0.360

	
0.01510




	
FO2-301

	
0.010

	
0.370

	
0.02516




	
FO2-102

	
0.003

	
0.402

	
0.400

	
0.00631




	
FO2-202

	
0.006

	
0.405

	
0.01262




	
FO2-302

	
0.010

	
0.407

	
0.02103











 





Table 2. Results of regression coefficients of Equation (8).






Table 2. Results of regression coefficients of Equation (8).





	Case
	   α   
	   β   
	R2





	FO1
	−3.13
	−8.15
	0.274



	FO2
	−2.97
	−9.09
	0.846
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