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Double-stage flap valves are widely used in new pumping stations. The different opening angles of the double-stage flap valves have a great influence on the outflow. To gain insight into this phenomenon, four commonly used operating conditions with opening angles were selected to perform three-dimensional simulation calculations and physical model studies on the flow pattern of the water behind the valves at different flow rates. The flow pattern of the water flow is analyzed by three indicators: the streamline of the water flow, the uniformity of the flow velocity, and the head loss in the culvert. The result shows that the coefficient of resistance loss along the way of the outlet culvert has a negative correlation with the opening angle. The larger the opening angle of the flap valve, the less the head loss of the water flow in the outlet culvert, and the flow pattern of the water flow in the culvert gradually becomes better.
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1 INTRODUCTION
Pump stations play an important role in water resource deployment, urban flood control, stable and high agricultural production, drought and flood protection, etc. The flap valve is an important part of the pumping station operation process, and its role is to use its gravity and the pressure of the water flow to fall on its own after the pumping station has finished running to block the water flow. The more common flap valve types are integral flap valves, double-stage flap valves, multi-stage flap valves, suspension flap valves, side single-opening flap valves, side double-opening flap valves, etc. The flap valve design is related to the stable operation of the pump station.
Compared with other cut-off methods, flap valves have certain apparent advantages: the first is its simple structure design. In addition to the valve seat and the valve body, the structure of the flap valve only needs a one-to-one chain to connect the two. As a result, the impact of the water flow will open the flap valves, and it will work typically. When the current is cut off and locked, the flap valve will close automatically by its weight and water pressure. The second is its low production price and easy-to-obtain raw materials; the third is its high reliability in the operation process and low failure rate. The length of the valve body of the flap valve is many times the length of the valve shaft. Therefore, the valve body can be opened when impacted, with the impact force of the valve shaft, and with other influences, so there are very few valves that are affected. Finally, it is easy to maintain and install without complicated procedures. The water flow and itself do the closing and opening of the flap valve, no precise positioning is required, and it is easier to use automatic control equipment.
With the development of the society and the need to deploy water resources, more and more pumping stations have been built. As the main intercepting device, flap valves have a significant impact on the safe operation of the pumping station, so it is essential to study the flow pattern of the water behind the flap valve and choose the suitable buffer device. With the advent of fluid simulation software, in the research of numerical simulation theory (Sudo et al., 1998; Ahmed, 2000; Luo et al., 2018; Zhang et al., 2021; Wang et al., 2021; Zhou et al., 2021; Hu et al., 2022; Zhang et al., 2022), analysis of the turbulence model, and formulation of the turbulent kinetic energy equation (Zeng and Li, 2010; Shin, 2018), more and more high-precision numerical simulation technologies have been used to simulate the complex flow in the pump station. The standard K-ε model, the realizable K-ε model, the renormalized group (RNG) K-ε model, and the shear stress transfer (SST) K-ε fluid volume (VOF) multiphase model (Qian et al., 2016) are used to simulate the three-dimensional (3D) unsteady turbulence in the pump basin. The LES (large eddy simulation) technology (Yamade et al., 2020) is used to analyze the causes and influencing factors of the inspiratory vortex in the intake tank of the pumping station.
Based on this, researchers only conducted optimization research on the simulation of the operation of the flap valve through numerical simulation or physical experiments and few studies on the flow state behind the flap valve. In this study, the numerical simulation method and physical model experiments were used to analyze the flow pattern from three aspects: velocity uniformity, streamline, and head loss of the outlet culvert after tapping the flap valve. It provides academic help for optimizing the flow state of the culvert in the pumping stations.
At present, some scholars have carried out relevant research, mainly in the following aspects: in the study of pump station optimization (Alawadhi et al., 2021; Shen et al., 2021; Shi et al., 2020), based on the multidisciplinary optimization design method of the approximate model, established the objective function based on the blade quality and efficiency of design conditions and optimized the impeller of the axial-flow pump, but only the impeller of the axial flow pump is analyzed, and the outflow conditions of the axial flow pump are not studied. Wang et al. (2020) studied and tested the geometric parameters of the blade groove structure of various impellers and analyzed the influencing factors by numerical simulation and physical model studies. In the study of pump station faults, Zhu et al. (2022) analyzed multi-signal defects of hydraulic piston pumps by using a profoundly improved convolutional neural network. Zhu et al. (2021) used ENET-5 and particle swarm optimization hyperparameter optimization to study the faults of hydraulic piston pumps and analyzed the advantages of this method. Moreover, in the research of the pump station flap valve, Yang (2011) used computational fluid dynamics (CFD) software to carry out the numerical calculation of the outflow flow state when the opening angle of the valve was 25° in the design condition of the pump device and when there was no tap valve and analyzed the outflow flow state with and without the valve. Gao et al. (2021) investigated the velocity distribution and streamlining of the distribution of pipelines at different sections, the distribution uniformity of outlet sections, and the hydraulic loss of pipelines at different flows through the standard K-ε model. Yu and Zhu (2014) used the standard k-ε turbulence model and the SIMPLEC algorithm to conduct CFD numerical tests on the flow field in the rear pressure water tank of the pumping station. Hong and Li (2015) analyzed the flow state of the upside-down and side-down flap valves using the velocity vector diagram through numerical simulation analysis of hydraulic characteristics. Yan et al. (2020) used CFD technology to conduct numerical simulation calculations on the straight pipe outlet passage of the horizontal pump station and analyzed the flow characteristics inside the outlet passage and the influence of hydraulic loss by changing the outlet passage profile.
The above research results are mainly about the flow in the culvert and wall turbulence. There are also some research papers about machine learning optimization flow (Zhu et al., 2021; Tang et al., 2022). However, there are few research studies on the near-wall vortex in pump station engineering, especially on the formation mechanism of the asymmetric wall-attached vortex in pump station engineering. In this study, the standard K-ε model is selected to conduct numerical simulation research on the flap valves of a pumping station in a practical project. The semi-implicit SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm is used to solve the velocity and pressure coupling equations. The VOF (Volume of Fluid) method is used to simulate the free surface. The uniformity of the flow velocity of the culvert behind the double-stage flap valves is studied, and its proper opening angle is analyzed. By using the physical model experiment, the reasonable opening angle of the double-stage flap valves is analyzed by studying the head loss before and after the valves. Finally, combined with the results of numerical calculations and physical models, a comprehensive analysis of the proper opening angle of the double-stage flap valves is made. It provides theoretical help for solving this problem in pumping station engineering.
The rest of the article is organized as follows: the first section describes the parameter settings of pumping station outlet modeling, numerical simulation, and physical model experiments. The second section summarizes the flow pattern behind the side flap valve of the pump station with the change of opening angle through numerical simulation results. Next, the flow pattern is translated behind the side flap valve of the pump station with the evolution of opening angle through numerical simulation results. By using the physical model experiment, the reasonable opening angle of the double-stage flap valves is analyzed by studying the head loss before and after the valves. The flow pattern is analyzed from three aspects: velocity uniformity, streamline, and head loss of the outlet culvert pipe behind the flap valve. The last section summarizes the thesis and gives relevant conclusions.
2 METHODS
2.1 Model Design
The total height of the pumping station is 3.30 m, and the total width is 3.24 m. The upper and lower flap valves have a 0.4 m pump station design lower hinge section. The height of the upper flap valves is 1.7 m, and that of the lower flap valves is 1.2 m.
The pump station engineering design drawings and relevant data build a computational area model for its exit buildings. First, the flow state under different flow rates was analyzed by numerical simulation. Then, the influence of different opening angles of the flap valves on the water flow behind the flap valves is obtained. It is found that the flow state behind the flap valves is more complicated when the flow rate is 16 m³/s. Therefore, the working condition under this flow rate is selected for further studies. Based on the 3D modeling software UG, Build the 3D model including a water pump outlet pipe, double-stage flap valves, a pressure box culvert, and a road culvert (four parts). The elevation of the pump station body and the culvert through the road is shown in Figure 1, and the structure diagram of the double-stage flap valve is shown in Figure 2.
[image: Figure 1]FIGURE 1 | Diagram of the model and cross-section: (A) diagram of the flap valves section and (B) diagram of the culvert section.
[image: Figure 2]FIGURE 2 | Structure diagram of the double-stage flap valve.
2.2 Numerical Simulation
The governing equations used in the numerical simulation in this paper are the continuity equation of the incompressible fluid and the Reynolds time-mean N-S equation. Common turbulence models for numerical value simulation include the standard k-ε model, RNG k-ε model, realizable k-ε model, standard k-ε model, etc. This paper adopts the realizable k-ε model (Jafarzadeh et al., 2011; Lu et al., 2021). The numerical calculation methods of the flow field mainly include the coupling calculation method and separated calculation method. The numerical solution of the equation in this paper adopts the separated semi-implicit pressure coupling algorithm (SIMPLEC method) (Axell and Liungman, 2001; Xi et al., 2021; Xi and Lu, 2021).
The 3D turbulent N-S equation was filtered using a spatial filter function. The governing equation of the large eddy model is
[image: image]
The equation for [image: image] in the transport equation of the standard model is
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The equation for [image: image] is
[image: image]
[image: image] is the methodical kinetic energy; [image: image] is the turbulent dissipation rate; [image: image] is the velocity component; [image: image] is the coordinate component; [image: image] is the density of water; [image: image] is the turbulent viscosity coefficient; [image: image] is the turbulent dynamic energy generated by the laminar gradient; [image: image] indicates that the transition–diffusion fluctuations in compressible turbulence are constant; [image: image], [image: image], [image: image] are constant; and [image: image] and [image: image] are custom.
The basic idea of the VOF method is as follows: define volume rate function F = F (x, y, z, t), which indicates the relative ratio of the volume of the fluid in the calculation area to the volume of the calculation area. For a certain computing unit, when F (x, y, z, t) = 1, it means that the unit is full; when F (x, y, z, t) = 0, it means that the unit is empty; when 0＜F (x, y, z, t)＜1, it means that part of the unit is filled with the liquid. The free surface exists in the third unit. The gradient of F can determine the average direction of the free boundary. After calculating the value and angle of each element, the approximate position of the free surface in each element can be determined. The sum of the volume fractions of water and gas in each unit is 1. There will be one more (water or gas) volume fraction variable compared with the real single-phase flow. Let aw denote the volume fraction of water; then, the volume fraction of gas aa can be expressed as aa = 1−aw.
As long as the volume fractions of water and gas are known everywhere in the flow field, the unknown quantities and characteristic parameters shared by all other water and gas can be represented by the weighted average of the volume integral. Therefore, in any given unit, these variables and characteristic parameters represent either pure water or gas or a mixture of the two. Therefore, the determination of the water–air interface requires solving the following equation:
[image: image]
t is the time. After the introduction of VOF, ρ and v are functions of the volume fraction, not constants, and through the iterative solution to the volume fraction of water aw, ρ and v can be obtained by the following formula:
[image: image]
[image: image]
In the formula, ρa and ρw indicate the density of air and water, respectively, and va and vw indicate the molecular viscosity coefficients of air and water, respectively.
Boundary conditions such as the inlet section, outlet section, and outlet flow mode should be set for the numerical simulation calculation. In this numerical calculation, the inlet section was controlled using the velocity inlet (Shi et al., 2010); the water body velocity is 1.778 m/s. The outflow section selected outflow of the culvert, set as free outflow. The relative pressure was 1 standard atmospheric pressure. Other surfaces are set as the solid wall. The flap valve is also treated as a solid wall surface but set as a separate structural surface. The model grid is meshed by ANSYS’s meshing software ICEM CFD. After study and trial calculations, the maximum size of the overall structure grid is 0.2, and the maximum size of the flap valve panel is 0.05. The mesh density has a significant influence on the results of numerical calculations. The finite volume method solves the nodes composed of each grid discrete in the whole computational domain; the internal flow structure cannot be captured when the grid nodes are insufficient (Xu et al., 2014). For the progressively increasing irrelevance analysis of 1.2 times the total number of grids, the hydraulic loss of double-stage flap valves under different grids is taken out. When the number of grids exceeds 899721, the hydraulic loss tends to be stable, and the grid size is selected as the dividing basis. The maximum size of the overall structure grid is 0.2, and the maximum size of the flap valve panel is 0.05. The grid diagram and the diagrams of hydraulic loss under different grids are shown below.
2.3 Physical Model
The hydraulic loss model test device of the double-section door flap consists of water supply and return equipment and systems, flow stabilization facilities, regulation and control facilities, measuring equipment and facilities, and the door body model. In a typical operation, the circulation system is composed of a pump, connecting pipe, control gate valve, steady flow plate, pressure-measuring node, plexiglass tube, gradient tube, transparent square box, flap valve body, and transparent outlet pipe, and the water level is controlled by regulating the gate. The door model is made of plexiglass, and the weight and buoyancy of the door and its corresponding moment are simulated by the counterweight method. At the same time, the geometric similarity of the prototype and model door body is ensured. Figures 3, 4 for the model test.
[image: Figure 3]FIGURE 3 | Diagram of the model test device: (1) pump, (2) connecting pipe, (3) control gate valve, (4) steady flow plate, (5) pressure-measuring node, (6) plexiglass tube, (7) gradient tube, (8) transparent square box, (9) flap valve body, and (10) transparent outlet pipe.
[image: Figure 4]FIGURE 4 | Diagram of the model test measurement.
The scale of the original model is 5:1, and the water level inside and outside the gate is displayed by the computer data acquisition system. The water level measurement point outside the pat door is located under the pat door, and the water level measurement point inside the pat door is located at the bottom of the pipe 50 cm inside the door. The flow measurement is taken through a throttling differential pressure flow meter. The standard orifice plate is stainless steel, and the pressure method is flange pressure. During the model test, speed measurement points 0.7 m inside and 1.5 m outside the exit of the model are set. PIV (Particle Image Velocimetry) is used to measure the culvert flow field in the transparent plastic pipe.
The PIV system (Chen et al., 2022a; Chen et al., 2022b) was used to simultaneously measure the flow field in the transparent plastic tube behind the flap valves. The working frequency of the PIV test laser is 50 HZ, the acquisition speed is 260 frames per second, and the interval is 100 microseconds. The CCD camera takes 600 PIV particle pictures each time. It analyzes them through Microver software. Then, the data are further processed by Tecplot software to obtain the steady-state flow field diagram and velocity field diagram after the flap valves. To analyze the flow field characteristics after the flap valves are shut based on the cloud image, the flow field characteristics after the flap valves at different opening angles are processed through the Tecplot software.
A certain depth of pure colorless water is injected into the entire circulation device; lasers, synchronizers, etc., are installed and connected; and the light source generated by the laser is aligned at the test section. The position of the CCD camera is adjusted, and the corresponding test parameters of the PIV system are set so that the particle image of the test section is displayed on the computer screen. During the test, the camera and laser light source should not be shaken or displaced. During the experiment, the pump is turned on to form a stable water injection form. The water injection volume can be controlled through the regulating gate valve on the water injection pipe, and the water level in the test section can be adjusted and stabilized. The water flows into the transparent plastic pipe, and the water injection process is formed continuously. When the water flow circulates in the flow channel, until the water flow movement in the test section becomes stable, the computer pre-installed program is used to collect the flow field behind the flap valves and the water level and flow before and after the flap valves.
2.4 Velocity Uniformity of a Cross Section
The outlet of the culvert has better flow conditions, and the opening angle of the flap valve directly affects the flow pattern behind the flap valve. Therefore, when designing the flap valve, it is necessary to consider the complete development of water flow in the culvert, and the flow state should be relatively stable. Furthermore, the velocity distribution should be relatively uniform when it reaches the outlet of the culvert (Xu and Zheng, 2013). In this paper, several calculated sections of the culvert section are selected for comparative analysis to consider the flow pattern of water entering the culvert through the flap valve.
Velocity uniformity of a section is the distribution uniformity of axial velocity on the section. It can be used as a quantitative index for flow field analysis, reflecting the flow field environment of the outlet section (Nejadrajabali et al., 2016). The higher the velocity uniformity of the section is, the more uniform the velocity distribution on the section is and the better the flow condition is. The formula for calculating the uniformity of axial velocity distribution is as follows:
[image: image]
Type: [image: image] is the average axial velocity of the calculated section, [image: image] is the axial velocity of each calculation unit of the calculation section, and n is the number of units for calculating the section.
2.5 Head Loss in the Outlet Culvert Section
After the culvert follows the flap valve, the additional flap valve will affect the flow in the culvert. This is because different opening angles of the flap valve affect the flow head loss in the culvert section. To get a complete understanding of the effect of the opening angle of the valve on the flow of water behind the valve, the change of culvert head loss with different opening angles of the flap valve is analyzed and the relationship between hydraulic λ, the resistance coefficient along the path, the opening angle of the valve, and the flow rate are explored. In the case of determining the opening angle of the flap valves, the following formula can be used to estimate the head loss of the flap valves:
[image: image]
[image: image] is the upward warping angle of the front flow direction based on the horizontal plane（°）, and [image: image] is the opening angle of the flap valves（°）. In the calculation process of head loss of double-section flap valves, the opening angle of the flap valves can be calculated as the average opening angle of the upper and lower flap valves ([image: image]). Using the proportion of weight to estimate the angle, the head loss of the flap valves [image: image] can be determined more objectively and accurately. It can be calculated by the following formula:
[image: image]
In this formula, v is the flow rate at the pump outlet（m/s）, g is the acceleration of gravity（m/s2）, and [image: image] is the head loss coefficient.
2.6 Case Selection
To study the influence of the opening angle of the double-section flap valves on the flow pattern of the outlet pipe behind the culvert, this example mainly calculates the flow state of the outlet culvert at different opening angles of flap valves under multiple flow rates of the pump station. As the flow rate continues to increase, the opening angle of the flap valves will gradually increase. Under different opening angles, the hydraulic loss and flow pattern will be different. It will also have a particular impact on the flow pattern of the water flow behind the flap valves. The opening angle is formed by water flow and the flap valves. The flap valves have a specific working state when they are working. The four options selected here are commonly used in the operating state corresponding to the flow in the actual project. The angle of the upper flap valve is set as α1. The angle of the lower flap valve is set as α2. Table 1 for the opening angle scheme of double-section flap valves. Figure 5 is the diagram of flap valve angles.
TABLE 1 | Opening angles for each case.
[image: Table 1][image: Figure 5]FIGURE 5 | Distribution of flap valve angles.
3 ANALYSIS OF THE RESULTS
3.1 Analysis of Numerical Simulation Results
3.1.1 Flow Field Analysis
Taking a design flow rate of the pumping station of 16 m³/s as an example, the water flow in the culvert behind the gate of the four schemes is simulated by the numerical simulation method. The flow field distribution diagram is obtained (Figure 6 below). The flow line variation of the outlet pressure water tank and culvert section was studied. Analyzing the flow of the entire outlet culvert, at the same time, the culvert outlet section was selected to observe the velocity vector diagram at the section.
[image: Figure 6]FIGURE 6 | Distribution of streamlines: (A) case 1, (B) case 2, (C) case 3, and (D) case 4.
According to Figure 8, when the flap valve opens at a tiny angle, the water flow in the culvert is spiral, streamline disorderly, and there will be water retention in the pressure box culvert, accompanied by whirlpools. As the opening angle increases, the flow of water gradually straightens, the streamlines are no longer out of order, and there is no water retention in the pressure box culvert. In order to conduct an in-depth study on flow field changes in pressure box culverts, the cross-section flow velocity vector diagrams 40 m away from the entrance of the four schemes were intercepted for comparison (Figure 7).
[image: Figure 7]FIGURE 7 | Vector diagram of cross-section velocity: (A) case 1, (B) case 2, (C) case 3, and (D) case 4.
According to Figure 9, in case 1, there are two reverse vortices in the section with axial symmetry. The high velocity is distributed in the upper part of the vortex on both sides. The vortexes on both sides are asymmetric and collide in the middle of the upper side of the culvert so that the velocity vector is concentrated here; in case 2, the vortex positions on both sides gradually move downward, and the collision area of the vortex becomes larger, extending to the T-shaped area on the upper side, and the vortex is gradually symmetrical. The flow pattern is still poor; as the valve continues to open, the vortex gets smaller and the flow pattern gets better. In case 3, the vortex is further reduced. The collision area of the vortex is further enlarged. The high-velocity region spreads to the upper M-shaped part, and the low-velocity area is compressed below the culvert. The high-speed area is inclined to the lower side. In case 4, the overall flow velocity of the section decreases, the range of vortex becomes smaller, and there is no apparent high-velocity zone. This is due to the friction of the sidewall and the gradient of the flow velocity. The flow velocity in the center of the water flow in front of the shutter is more significant, and the flow velocity near the sidewall is lower, a new flow rate gradient. After passing through the valves, the water flow is fully developed, thus forming two large-scale axis-symmetric vortexes. After the valves are slapped, the inflection affects the water flow, and the high-velocity area is concentrated on the upper part. As the flap valves’ opening increases, the flap valves’ effect gradually decreases, the water flow can pass the flap valves smoothly, and the vortex gradually decreases and disappears.
3.1.2 Flow Field Analysis of the Axial Section
Taking the flow rate of 16 m³/s as an example for analysis, the influence of opening angle change on velocity uniformity was analyzed. In order to study the development and change of water flow, a section every 6 m in the culvert is set to analyze its change rule in order to study the influence of the opening of double-stage flap valves on the water flow behind the valve. The schematic diagram of selected research sections is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Flow field distribution of axial sections: (A) case 1, (B) case 2, (C) case 3, and (D) case 4.
As shown from the figure above, in case 1, when the water flows through the flap valves, the flow pattern is chaotic, and the velocity distribution is irregular. After leaving the flap valves, the water flow shows a trend of rolling up and down. The high-flow velocity area gradually moves upward and forms a reverse vortex on both sides of the cross-section at the backside of the culvert. The distribution of the reverse vortex on both sides of the exit also moves to the upper side, and it is asymmetrically distributed. In case 2, the high-velocity inlet area is mainly compressed on the lower side. In moving to the outlet, the high-velocity area gradually spreads upward from the lower side of the culvert along both sides. Low-speed vortexes are formed on both sides of the middle part of the culvert. The low-velocity area at the exit gathers on both sides of the section, and the vortex range is more extensive than that on both sides of case 1. In case 3, the range of high-velocity area under the inlet gradually increases. The high-velocity area slowly spreads upward along both sides and forms a reverse low-speed vortex on both sides in the middle and front of the culvert. At the outlet, the range of low velocity zone further increases and the velocity gradient decreases. In case 4, the range of high-velocity inlet area is further expanded, and the upward position of the high-velocity zone further advances. The flow tends to be stable, and the outlet velocity distribution is uniform. The overall velocity is low, and there is no obvious velocity gradient.
3.2 Analysis of Physics Experiment Results
3.2.1 Flow Field Analysis of the Axial Section
Physical model tests were used to analyze the flow field at different sections in the culvert using a flow rate of 16 m³/s as an example to analyze the effect of the change in angle of opening of the double-jointed flapper gate on the uniformity of the flow rate. To study the development and variation of the flow, PIV was used to analyze the variation pattern at 6 m intervals in the culvert and to study the effect of the double-jointed flapper gate opening on the flow behind the gate. Figures 1, 2, 9, 10 correspond to the cross-sectional flow field from the inlet to the outlet. The 3D distribution of the specific section flow patterns is shown in Figure 11.
[image: Figure 9]FIGURE 9 | Diagram of the grid division: (A) overall grid diagram and (B) local grid diagram.
[image: Figure 10]FIGURE 10 | Diagrams of hydraulic loss under different grids.
[image: Figure 11]FIGURE 11 | Flow field distribution of axial sections: (A) case 1, (B) case 2, (C) case 3, and (D) case 4.
In case 1, the flow pattern at the flap valves is relatively turbulent, and the high-velocity area is concentrated on the lower side. This is because the opening angle of the flap valves is slight, and the water flow is affected by the flap valves. Behind the valves, the water flow develops in the culvert. The high-velocity area spreads upward from both sides along the edge until it gradually fills the entire culvert and forms two asymmetric reverse vortices in the axial section. In case 2, the opening angle of the flap valves is slightly more prominent, and the high-velocity area is still compressed on the lower side, but the water flow development on the rear side is more lagging than that in case 1, the axial tumbling cycle of the water flow becomes smaller, and the flow state becomes better. In case 3, the opening angle of the flap valves is further increased, the axial tumbling cycle of the flow is reduced, and the flow velocity gradient in the culvert is significantly reduced compared to the first two options. In case 4, the flow tends to stabilize in the middle of the culvert, with no significant velocity gradients and no significant tumbling of the water in the culvert, resulting in perfect flow patterns.
Through observation, it can be found that the results of the physical model test and the numerical simulation show the same trend, indicating that the numerical simulation results are credible.
3.2.2 Vector Analysis of the Outlet Section
Taking the flow rate of 16 m³/s as an example, the physical model is studied. To conduct an in-depth study on the flow field changes in the culvert, the outlet section water flow velocity vector diagrams in the four schemes are intercepted for comparison (Figure 12).
[image: Figure 12]FIGURE 12 | Vector diagram of cross-section velocity: (A) case 1, (B) case 2, (C) case 3, and (D) case 4.
According to the above figure, in case 1, two reverse vortexes are asymmetric along the axial direction in the section. As a result, the vortex area on the right side is significantly larger than that on the left side, and the vortexes on both sides are squeezed, resulting in a strip-shaped high-velocity area in the center of the section. In the second scheme, the vortexes on both sides gradually become symmetrical, the squeezed area of the vortex becomes larger and extends to the X-shaped area in the middle, the range of the low-velocity area at the center of the vortex becomes smaller, and the flow state gradually gets better. In case 3, the vortex position moves to the lower side of the culvert, the high-velocity area spreads to the upper M-shaped area, and the velocity gradient in the culvert decreases. In case 4, the overall flow rate is reduced, there is no apparent vortex and no evident flow rate gradient, the flow pattern is good, and the water flow is stable. The experimental results of the physical model verify the numerical simulation results, so the results of the numerical simulation are credible.
3.3 Analysis of Flow Velocity Uniformity
By using the formula of axial velocity uniformity to calculate the velocity uniformity of each section, the results of velocity uniformity of each calculated section under each scheme were compared with those without the flap valve. The results are shown in Figure 13.
[image: Figure 13]FIGURE 13 | Velocity uniformity at different distances.
According to the curve changes in Figure 12, as the distance increases, the uniformity index of flow velocity improves. According to case 1, when the flap valve opening is small, the overall flow velocity uniformity is low. Still, as the water moves away from the flap valve, the uniformity of flow velocity increases slowly. In the second scheme, where the opening angle of the flap valve is slightly increased, the overall flow velocity uniformity is slightly improved, but like case 1, the uniformity of flow rate increases gradually when it is at a lower level and far from the racket flap valve. In case 3, at 14 m away from the flap valve, the uniformity of flow velocity increases significantly. The uniformity of flow velocity at 33 m exceeds that of the no-flap valve scheme, which shows that the flow pattern in the culvert is improved. In case 4, the uniformity of flow velocity increases rapidly between 14 and 19.5 m and maintains a steady increase in the level higher than the open-valve scheme. At this time, the flow pattern in the culvert has been significantly improved.
According to the analysis of the flow pattern behind the flap valve and the uniformity of the axial flow velocity at the outlet, when the opening angle reaches case 3 and case 4, the flow pattern at the outlet of the culvert pipe can achieve a better state.
4 COMPREHENSIVE ANALYSIS
After the pump unit is started, the residual air in the pipeline will be quickly compressed. When the gas is compressed to a certain level, its pressure may exceed the water pressure outside the flap valves and push the flap valves open. When the flap valves are made available by the air pressure, a large amount of air quickly leaks out, causing the air pressure of the pipe to drop sharply. If there is more residual air in the tube, the above process will be repeated. Finally, after several repeated openings and closings, the lower flap valve will first be pushed open by the water. As the flow increases, the upper flap valve is also made open. At the same time, because of the flap valves, the water flow direction at the pipe outlet will change sharply. At this time, there must be a specific head loss. As the flow rate continues to increase, the opening angle of the flap valves will gradually increase. Under different opening angles, the hydraulic loss and flow pattern will be different. It will also have a particular impact on the flow pattern of the water flow behind the flap valves.
The physical model experiment is used to measure the head loss before and after the double-stage flap valves. The hydraulic loss of the outlet culvert pipe is calculated under eight different flow rates and four schemes of flap valve opening, and its patterns are analyzed. Hydraulic loss results of the culvert pipe under each case are shown in Figure 8. At the same time, the resistance coefficient λ of the pipeline under each scheme is calculated and the relationship between λ and the opening angle of the flap valve under each flow is analyzed, and the calculation results are shown in Figure 14.
[image: Figure 14]FIGURE 14 | Hydraulic loss under different flow rates.
According to the curve changes in Figure 13, the hydraulic loss at each flow rate of the four schemes decreases with the opening of the flap valve. Under the same flow rate, the hydraulic loss of the culvert pipe decreases when the opening angle of the flap valve increases. With the increase of opening angle, the rise of head loss caused by flow growth becomes smaller and smaller. Taking the design flow rate of 16 m³/s as an example, the hydraulic loss value of Scheme 1 is 0.353 m, while the hydraulic loss of case 4 is 0.035 m; the hydraulic losses decreased by 79.1%.
According to the result analysis in Figure 15, at the same opening angle, the resistance coefficient λ along the inner section of the culvert pipe has nothing to do with the change of flow rate. It is always stable around a value. However, as the opening angle increases, the drag coefficient decreases along the way, which means that the more the opening angle of the flap valve is, the smaller the resistance coefficient is and the less the hydraulic loss is.
[image: Figure 15]FIGURE 15 | Change of resistance coefficient along the way.
According to the results, as the opening angle increases, the hydraulic loss in the culvert is significantly reduced. This also shows the better flow pattern of the water in the culvert. Therefore, the larger the opening angle of the flap valve is, the more favorable the flow pattern of the culvert pipe is.
5 CONCLUSION
Numerical simulation is used to analyze the flow pattern behind the double-stage flap valves from three aspects of streamline and velocity uniformity. The physical model test analyzes it from the hydraulic loss. It is found that the greater the opening of the double-stage flap valves, the more uniform the flow of water behind the flap valve and the better the flow pattern. Under the opening angle of double-stage flap valves corresponding to case 3 and case 4, compared with case 1 and case 2, the vortex area is significantly reduced, the flow pattern has been dramatically improved, water flows can be fully developed in culverts, and the uniformity index of flow velocity in the culvert is higher than that of the open-valve scheme. As a result, in order to ensure the flawless operation of the pump station, the impact on the water flow behind the flap valve is reduced, and it is recommended to make the maximum opening angle reached when the flap valve runs as large as possible.
This study focuses on the influence of the opening angle of double-stage flap valves on the water flow behind the flap valve. The relationship between the flow pattern after the valve and the opening angle of the flap valves is analyzed by numerical simulation analysis and the physical model test from the three aspects of streamline, uniformity of flow velocity, and hydraulic loss, and the following conclusions are obtained:
1) After the double-stage flap valves are opened, two axisymmetric reverse vortexes appear in the culvert section behind the flap valve. As the opening angle increases, the flow line in the culvert pipe after the gate gradually moves down and disappears in the high-velocity zone. The eddy dissipates at the outlet.
2) As the distance between water flow and the racket flap valve increases, the uniformity of flow velocity rises gradually. The water flow can be fully developed in the culvert. The uniformity index starts to be higher than the uniformity index without the door at a distance of about 35 m from the entrance.
3) The hydraulic loss coefficient of the culvert section has nothing to do with the volume of flow and is negatively correlated with the opening angle of the flap valve; the bigger the opening angle, the smaller the hydraulic loss coefficient of the culvert section and the smaller the head loss.
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