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Abstract

:

The vortices, backflow, and siltation caused by sediment-laden flow are detrimental to the safe and efficient operation of pumping stations. To explore the effects of water–sediment two-phase flow on the velocity field, vorticity field, and sediment distribution within intake structures, field tests and numerical simulations were conducted in this study with consideration for the sediment concentration, flow rate, and start-up combination. We applied a non-contact laser scanner and ultrasonic Doppler velocimetry to obtain the field data and reverse modeling of the three-dimensional model of the intake structure under siltation. A multiphase flow model based on the Euler–Euler approach combined with the k-ε turbulence model was adopted for numerical simulation under 10 working conditions, and the reliability was verified with field data. The results indicate that sediment promotes the evolution of coaxial vortices into larger-scale spiral vortices along the water depth, and the process of sediment deposition is controlled by the range, intensity, and flow velocity of the backflow zone. Furthermore, the maximum volume fraction of the near-bottom sediment increased by 202.01% compared to the initial state. The increase in flow rate exacerbates the turbulence of the flow field. Although the increase in sediment concentration benefits the flow diffusion, it further promotes sediment deposition. This study provides a new idea for modeling complex surfaces and considers different operating conditions. It can serve as a scientific reference for the structural optimization and anti-siltation design of similar water-conservancy projects.
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1. Introduction


Pump stations have played a very significant role in flood control and drainage, agricultural irrigation, and interbasin water transfer. Due to special geological characteristics, the annual average sediment content of the Yellow River is as high as 30–150 kg/m3, the highest worldwide [1,2]. Therefore, in the arid area of northwest China, the safe and efficient operation of pumping stations in the Yellow River Basin has been greatly threatened. The sediment-laden water source has caused a series of problems for the intake structure, such as vortices, backflow, and reductions in the cross-section and water storage capacity. These problems deteriorate the uniformity of water flow into the pumps and cause further vibration, abrasion, and reduced service life of pumps, seriously affecting the efficiency, stability, and economy of pumping stations [3]. Thus, it is important to conduct comprehensive research on the multiple factors of sediment-laden flow to improve the hydraulic performance of the liquid–solid two-phase turbulence flow within intake structures.



The methods for studying fluid flow problems mainly include traditional theoretical analysis, experimental measurements, and computational fluid dynamic (CFD) approaches [4,5,6,7]. There have been many achievements in the study of single-phase turbulence. Matahel Ansar and Tatsuaki Nakato [8] conducted detailed measurements of three-dimensional (3D) turbulence flow in a rectangular single-pump forebay of a right-angle water-intake model applying an acoustic Doppler velocimeter (ADV) and analyzed the influence of cross flow on the swirl characteristics in the pump sump. J. Aubin et al. [9] numerically simulated the single-phase turbulent flow in a turbine-stirred tank based on CFD. They analyzed the effects of modeling methods, turbulence models, and discretization methods on kinetic energy, average velocity, and global variables. H. Chen and J. Guo [10] established and solved a numerical model of 3D turbulence flow in a multi-intake sump and proposed reasonable boundary conditions for different flow rates. Meanwhile, Zi Dan et al. [11,12,13] focused on experimental and simulation research of the intake structure of pumping stations for many years, analyzing the grid scale y+ of the boundary layer, the grid division scheme, and the influence of structural parameters on the flow field calculation in detail, and proposed a variety of optimization methods. Based on CFD numerical simulation, Xueping Gao et al. [14] combined the response surface method and the nondominated sorting genetic algorithm to conduct hydraulic analysis and optimize the intake diffusion section of pumped-storage hydroelectricity and determined the optimal inlet and outlet parameters under two-way flow.



Compared to single-phase flow, multiphase flow simulation is not very mature due to its complexity and the diversity of calculation methods. S. Balachandar and J.K. Eaton [15] reviewed and analyzed the experimental and computational techniques of turbulent dispersed multiphase flow in detail and focused on the preferential concentrations of bubbles, particles, and droplets, as well as the effects of turbulence on different phases. With the rapid development of measurement technology and CFD, the flow details and dynamic characteristics of complex 3D multiphase flow were further explored [16]. In order to analyze the erosion damage of pumping stations under the synergistic effect of free surface vortex (FSV) and sediment particles, Xijie Song et al. [17] adopted the Euler–Lagrange method and Tabakoff model to simulate and discuss the microscopic interaction between the gas phase and erosion. To explore the development and evolution of the surface suction vortices in an open intake sump, X. Hou et al. [18] conducted numerical simulations on the constructed intake sump model, analyzed the flow on the free surface, and determined the effects of the flow rate, Froude constant, and submergence depth on suction using the volume of fluid method. Jiaming Li et al. [19] and Rongrong Wang et al. [20] investigated the influence of different unit numbers and start-up combinations on the distribution of sediment concentration in the intake structure. Dan Zi et al. [13] analyzed the correlation between sediment concentration and flow velocity through numerical simulation and established a quadratic polynomial model of sediment deposition efficiency and flow velocity. Cundong Xu et al. [21] reconstructed the 3D geometric model of the intake structure using reverse engineering techniques, which can more realistically restore the structural dimensions and siltation morphology of the research object and reduce the distortions of numerical simulations using design dimensions. Haidong Wang et al. [2] explored the mechanism of vortices and sediment deposition in the forebay of the pumping station through numerical simulation. They applied ADCP to measure the in situ flow field, which verified the reliability of the numerical simulation. With the improvement in Particle Image Velocimetry (PIV) and Volumetric 3-component Velocimetry (V3V), scholars have also been encouraged to further explore the unsteady flow inside pumps and multiphase turbulent flow fields within intake structures [22,23,24,25,26]. The optimization of the water–sediment flow field inside the inlet structure by rectifying facilities such as diversion piers, diversion walls, bottom sills, columns, and water pressure plates has also been widely studied [27,28,29].



Although there have been many research achievements so far, there are still some shortcomings in studying the water–sediment flow field within the intake structure of pump stations. (A) Limitations of model tests. Due to the large size of the structure, the replacement costs of models with different experimental schemes are huge and very inconvenient; in addition, the model sand makes it difficult to reproduce the impact of natural sand on the flow field. (B) The reliability of numerical models. Different turbulence models and numerical calculation methods have a significant impact on the simulation results, especially for complex 3D water–sediment two-phase flow; verifying the applicability of the selected numerical model is an important prerequisite to ensure the reliability of the results. (C) Rationality of working conditions. Most studies on flow fields set clear water conditions or a fixed sediment concentration; however, for pumping stations that have been operating for many years under the action of sediment-laden flow, different sediment concentrations and flow rates are closely related to the hydraulic characteristics of the flow field, and a reasonable working condition plan needs to be designed for comprehensive research.



To improve the above shortcomings, the following work was carried out in this study. First, we applied the non-contact laser scanner to collect 3D point cloud data of a typical pumping station under siltation conditions and obtained the computational domain model through the reverse-modeling method. Then, different turbulence models were adopted for numerical simulation, and the simulation results were compared with the field measurement values to select and validate the suitable numerical model under the same working conditions. On this basis, considering the sediment concentration and flow rate, ten working conditions were designed to comprehensively analyze the hydraulic characteristics and sediment distribution of the water–sediment flow field within the intake structure.




2. Field Test


The on-site measurement of the flow field and the reverse modeling of the intake structure under siltation can provide an important foundation for constructing subsequent numerical models and quantitative verification of simulation reliability. To ensure rigor, it is necessary to make the actual flow field measurement and numerical simulation highly consistent regarding their geometric structure, deposition morphology, test conditions, and climatic conditions. Although the size of the intake structure is relatively regular, the morphological contour of the sediment inside is extremely complex, and it is difficult to accurately reconstruct traditional geometric model-construction methods. Therefore, this study proposes a reverse-modeling method for the actual intake structure with sediment based on mature and advanced reverse-engineering technology.



2.1. Study Area


The Jingtaichuan Electric Power Irrigation Project, located along the Yellow River Basin in the arid area of northwest China, is one of the largest high-lift and large-flow cascade irrigation projects in China, including Phase I and Phase II Irrigation Areas, with a total of 43 cascade pump stations built, an installed capacity of 270 MW, a maximum lift of 713 m, and a designed annual pumping capacity of 475 million cubic meters. The irrigation period is from March to November. Due to changes in the sediment content of the Yellow River, the sediment diversion in the irrigation area is mainly concentrated in June, July, and August, accounting for about 85.4% of the total annual sediment diversion. The maximum sediment concentration during the flood season is 382 kg/m3. The pumping stations in the irrigation area are plagued by sediment-laden water flow throughout the year, and problems such as adverse flow patterns, sediment deposition, and the cavitation and wear of pumps seriously restrict the efficiency and benefits of the project. The on-site investigation of the actual intake structure is shown in Figure 1.



A typical intake structure of a pumping station in the irrigation area is selected as the research object, and the calculation domain includes the diversion channel section, gradual section, gate chamber section, forebay, suction sump, and suction pipes. The forebay is a trapezoidal forward forebay, the suction sump is a sinking open suction sump, and the suction pipes are arranged horizontally (Figure 2). The design water level of the pump station is 1604.45 m, and the design flow rate is 6.00 m3/s. A total of eight units are installed, with a design flow rate of 1.6 m3/s for unit #5 and 0.88 m3/s for the remaining units. The corresponding suction pipe diameters are 1.0 m and 0.8 m, respectively. Units #1 and #8 at both ends are standby units.




2.2. Measurement of the In Situ Flow Field


In order to select the turbulence model suitable for the numerical simulation of the intake structure and verify its reliability, we obtained flow field data through on-site measurement during the winter irrigation period before the pumping station was shut down. The HXH03-1S ultrasonic Doppler velocimetry was chosen as the measuring equipment, with an accuracy of ±1.0% ± 1 cm/s, and the measurement calculation of a single point can be completed in 30 s. The detector of this instrument is located in front of its body, which makes it difficult to disturb or damage the flow field. It has the advantages of a wide measurement range, high accuracy, sensitive sensing, strong anti-interference (no fear of sediment or floating debris), intuitive reading, and easy operation [30,31].



The design condition was set as the test condition; that is, units #2–#7 operated at the design condition, the #1 and #8 standby units did not work, and the flow rate of the pumping station was 6.00 m3/s. There were 25 characteristic sections and 188 characteristic points selected for the field test; the feature points were located at the intersection of X, Y, and Z sections and the midpoint of adjacent Y sections, where Z1, Z2, and Z3 sections were 0.8 m, 1.5 m, and 3.0 m away from the liquid surface, respectively. The relative orientations of X, Y, and Z are shown in Figure 2.



The detailed experimental method is as follows. The steel cable was firmly banded along the X characteristic sections above the water surface, and the underwater probe of the ADV instrument was tied with two sufficiently long graduated ropes. One of the ropes was hung on the steel cable, and the underwater detector was slowly sunk while controlling the depth. Another rope was adjusted on the opposite bank to make the suspension rope perpendicular to the water surface, ensuring the accuracy of the measurement point position. Moving along the steel cable to different measuring points, the flow field parameters were measured and recorded at different depths (Figure 3). The absolute value of the flow velocity measured in the experiment was used for subsequent analysis.



In addition, we collected water samples from the diversion channel at the front end of the intake structure for particle size analysis. The screening results are shown in Table 1. According to the analysis results, 93.91% of the sediment particle size is less than 75 μm, and the median particle size d50 = 25 μm, extremely fine-grained soil. The volume fraction of sediment is less than 5%, indicating a low concentration of solid–liquid two-phase flow.




2.3. Acquisition and Processing of Point Cloud Data


After the winter irrigation period was over and there was no water in the intake structure, four stations were set up on site to collect the point cloud data of the forebay, suction sump, and internal siltation shapes using Leica Scan Station P30 (Leica, St. Gallen, Switzerland), taking into account the requirements of structural size, environment, and accuracy. This non-contact laser scanner combines technologies such as mixed pixels, WFD waveform digitization, and HDR imaging with high accuracy and a wide scanning range [32,33,34]. Its composition and working principle are shown in Figure 4.



The original data were preliminarily simplified, registered, and denoised using the post-processing software “Leica Cyclone 2022”, and the point cloud model obtained is shown in Figure 5. Then, the model was repaired using “Geomagic Wrap 2021” software, and the 3D curved surface model of the intake structure under the siltation state was reconstructed using the Non-uniform Rational Basis Splines (NURBS) rapid surface modeling method evolved from the B-spline theory [35,36]. After precision detection, the proportion of data points with a deviation in the range of ±350 mm between the curved surface model and the original point cloud data was 96.1%, which meets the calculation requirements of large-scale water conservancy projects. Finally, considering the limitation of the scanning range, and weakening the influence of the inlet and outlet boundaries on the flow field, we improved it using the software “ICEM-CFD 2022 R2” by supplementing the trash rack, transition section, and channel within 10 m upstream of the forebay entrance, as well as the suction pipe section downstream of the suction sump, to obtain a complete 3D computational domain model, as shown in Figure 6, which provides a basis for the construction and validation of subsequent numerical models. Reverse modeling involves the use of certain measurement techniques to measure existing physical objects or models and obtain a series of discrete data point values that can characterize their geometric topology information; then, based on the measured discrete data, with the help of certain three-dimensional geometric model construction methods and software, the process of reconstructing the CAD model of the physical object can commence. For the detailed process of reverse modeling, please refer to the Reference [21].





3. Construction and Validation of the Numerical Model


3.1. Governing Equation and Solving Method


According to the computational domain model constructed using reverse modeling, we applied “Fluent-ANSYS 2022 R2” based on CFD to numerically simulate the water–sediment two-phase flow field in the in situ intake structure [7,37,38].



The mixture model based on the Euler–Euler approach was adopted to calculate the multiphase flow [39,40]. The water source in this study is a mixed medium fluid composed of a solid phase (sediment particles) and a liquid phase (liquid water). The sediment phase is widely distributed in the fluid, and the drag force between the solid and liquid phases is unknown. This approach treats the fluid as a continuous medium, treats particles as quasi-continuous or quasi-fluid, and considers interphase slip and turbulent diffusion. It is more stable and efficient for calculating low-concentration solid–liquid two-phase flow in large pumping stations. Regardless of energy loss, the continuity equation for the mixture is defined as follows:


   {      ∂  ρ m    ∂ t   + ∇ · (  ρ m    u →  m  ) = 0      ρ m  =   ∑  k = 1  n    α k   ρ k    ,   u →  m  =     ∑  k = 1  n    α k   ρ k    u →  k       ρ m         



(1)







The momentum equation of a mixture can be obtained by summing the respective momentum equations of all phases, which can be expressed as follows (for incompressible flow):


   {      ∂ (  ρ m    u →  m  )   ∂ t   + ∇ · (  ρ m    u →  m    u →  m  ) = − ∇ p + ∇ · [  μ m  ( ∇   u →  m  + ∇   u →  m T  )     +  ρ m   g →  + F − ∇ · (   ∑  k = 1  n    α k   ρ k    u →   d r , k     u →   d r , k   )        μ m  =   ∑  k = 1  n    α k   μ k  ,   u →   d r , k   =   u →  k  −   u →  m         



(2)







The slip velocity     u →   p q     of the secondary phase (p) relative to the primary phase (q), and its relationship with the drift velocity     u →   d r , p     are described as follows:


   {       u →    p q   =    u →   p  −    u →   q         u →    d r , p   =    u →    p q   −   ∑  k = 1  n      α k   ρ k     ρ m       u →    k q          



(3)




where    ρ m  ,  ρ k    is the density of mixed flow and phase k, respectively;     u →  m  ,   u →  k    is the mass square velocity of mixed flow and the velocity of phase k, respectively;    α k    is the volume fraction of the k phase; n is the total number of phases;   g →   is the gravity acceleration; p is the hydrostatic pressure; F is the volume force;    μ m    is the dynamic viscosity of mixed flow; and     u →   d r , k     is the drift velocity of phase k.



The   k − ε   two-equations model based on the Reynolds-Averaged Navier–Stokes (RANS) method was selected as the turbulence model, including the Standard   k − ε   model, the RNG   k − ε   model, and the realizable   k − ε   model. They can all simulate the complex flow patterns within the pumping station and the pump. Therefore, we adopted these three models for numerical calculation, compared them with the flow data obtained from the field test for verification, and finally determined the turbulence model suitable for this study.



The finite volume method was adopted to discretize the governing equations, the second-order upwind scheme was chosen to discretize the convection term, and the central difference scheme was set to discretize the diffusion term and source term. When using the pressure solver to solve the equation, the semi-implicit SIMPLEC algorithm was selected for the velocity and pressure coupling terms. The accuracy of the iterative residual was not less than 10−4.




3.2. Boundary Condition and Meshing


(1) Boundary condition. The steady-state, homogeneous, and axial “velocity-inlet” condition was set as the inlet boundary of the computational domain, which was calculated to be 0.911 m/s according to the design flow rate and inlet cross-sectional area. The outlet boundary was set to “outflow”. Since the deformation of the water surface is very small when the pumping station operates stably under the design water level, the free surface was set to the “symmetry” plane boundary, that is, the “rigid-lid assumption”. The side walls and bottom of the forebay and suction sump adopted the no-slip boundary condition, with a wall roughness of 1.0 mm; the wall surface of suction pipes also adopted the no-slip wall condition, with a wall roughness of 0. It is verified that the boundary condition satisfies the mass conservation.



(2) Meshing. “ICEM-CFD” was used to mesh the computational domain model [41]. The suction pipes were divided into structured grids for their small volume and regular shape, and the rest of the parts were divided into unstructured grids. Considering the complexity of the flow near the inlet of suction pipes, local encryption was performed in this area. A total of five division schemes were designed, G1~G5, with the number of grid units being 1,195,560, 1,488,721, 1,855,558, 2,286,622, and 2,690,943, respectively. The hydraulic losses from the inlet to the outlet of each scheme were calculated to be 22.08, 11.14, 12.88, 13.57, and 13.39 mm, respectively. When the number of grid units exceeded 2,286,622, there was no significant change in hydraulic losses; therefore, the G4 scheme was ultimately selected, considering the calculation accuracy and economy, and the maximum size of the global element was 1.0 × 0.2 m. The grid division of the calculation domain model is shown in Figure 7.




3.3. Verification of Numerical Model


We kept the same working conditions as the field test; that is, the #2~#7 pumps operated at the designed flow rate, while the #1 and #8 standby pumps were shut down (ignoring the corresponding pipelines during simulation). The flow rate was 6.00 m3/s. Referring to the results of the sediment particle size analysis previous, the sediment particle size was taken as 25 μm, the sediment concentration was 30 kg/m3, and the sediment density was taken as 2740 kg/m3.



The standard   k − ε  , RNG   k − ε   and realizable   k − ε   turbulence model were, respectively, adopted for numerical calculations, combined with the mixture multiphase flow model. We selected 15 feature points on the intersection line lX5-Z1 of the X5 section (2 m away from the back wall) and Z1 section (1 m from the water surface), and compared them with the measured values. The location of the measuring points is shown in the blue circle in Figure 2. The comparison of flow velocity values is shown in Figure 8, indicating that the distribution trends of flow velocity calculated by the three turbulence models are basically consistent with the measured results, and the realizable   k − ε   model has the best consistency. Then, the mean absolute error (MAE) and the root-mean-square error (RMSE) were applied for error analysis [42,43]; the MAE of the realizable   k − ε   model was 0.183, and the RMSE was 0.029, both of which were the smallest. Therefore, it is accurate and reliable to choose the realizable   k − ε   turbulence model combined with the mixture multiphase flow model for this study.





4. Results and Discussion


4.1. Calculated Working Conditions


Different operating conditions, especially the solid-phase concentration, flow rate, and start-up combination, have a direct impact on the energy loss, flow field distribution, and units’ inflow characteristics of the intake structure. Therefore, this study constructed a corresponding numerical model of the prototype intake structure without siltation, and a total of 10 cases were designed for simulation calculations based on the “turbulence–multiphase flow” model validated above, as shown in Table 2. CSf represents the sediment mass concentration at the inlet boundary, and Q represents the flow rate of the pumping station.



According to the previous simulation, it was found that the velocity distribution of section Z3 (h = 3.00 m) and the X axis velocity distribution of each point on section X3 can represent the flow field characteristics of the intake structure well. For the convenience of comparing different cases, the X3 section was simplified as follows: the horizontal distribution of each point on the X3 section remained unchanged, and the average flow velocity values were calculated by taking three points along the direction of the water depth. Taking these characteristic sections and feature points as the representative, we further analyzed the impact of different working conditions on the hydraulic performance of the water–sediment flow field within the intake structure.




4.2. Effect of Sediment on the Flow Field


A comparative analysis was conducted on the flow fields of clear water “Case1” (single phase flow) and sediment-laden water “Case3” (solid–liquid two-phase flow), and the flow velocity distribution at typical cross-sections is shown in Figure 9. Under the clean-water condition, the mainstream effect in the intake structure is obvious, and the flow pattern in the mainstream area is relatively smooth. Two symmetrical large-scale coaxial vortices are generated at the back end of the forebay and inside the suction sump. The flow exhibits characteristics similar to jet flow, mainly due to the significant difference between the channel width and the width of the forebay and suction sump, resulting in a higher flow velocity within the same width range. Moreover, the flow impacts the sidewall of the suction sump and flows toward both sides.



When the water flow carries suspended sediment (Case3), the number and distribution of vortices change, and the large-scale coaxial vortices evolve into spiral vortices along the depth direction. The scale and intensity of the vortices increase, and the edges are close to each other, almost occupying the entire suction sump area. The spiral vortex weakens the jet features and mainstream effect, changing the velocity distribution of the flow field. The volume of the backflow zone within the sediment-laden flow is larger than that of the clean-water condition. Still, the average velocity of the backflow zone is smaller than that of the clear-water condition. The numerical results are expected to be consistent with the characteristics of the actual flow fields of the project.




4.3. Effect of Sediment Concentration on the Flow Field


In order to further explore the impact of sediment concentration on the hydraulic performance of the intake structure, four calculation schemes with different solid-phase concentrations were designed for comparative analysis under the premise of keeping the operating condition of pump units and the characteristics of sediment particles unchanged, namely Case2, Case3, Case9, and Case10. The velocity distribution of the Z3 section is shown in Figure 10, the average X axis flow velocity distribution of the X3 section is shown in Figure 11a, and the distribution of the sediment volume fraction near the bottom is shown in Figure 12.



Figure 10 illustrates that with the increase in the sediment concentration, the diffusion effect of the water flow in the intake structure significantly improves, the mainstream effect weakens, and the vortex backflow zone decreases or even disappears. When the sediment concentration does not exceed 30 kg/m3 (Case2, Case3), the low-speed vortex recirculation zones on both sides of the forebay and suction sump are more obvious. The flow velocity in the vortex backflow zone is lower than 0.200 m/s, and the large range is below 0.100 m/s, with a slight increase in the mainstream range. When the sediment concentration exceeds 30 kg/m3 (Case9, Case10), the vortex backflow zone basically disappears, and the water flow diffuses evenly. The range of flow velocity below 0.100 m/s in the forebay is significantly reduced, while the flow velocity in the suction sump is still relatively low due to the significant water depth.



As shown in Figure 11a, as the sediment concentration increases, the peak X axis velocity of the X3 section decreases significantly. The peak velocity with a sediment concentration of 70 kg/m3 is 0.297 m/s, a 41.30% decrease compared to the clean-water condition. The reverse flow velocity on both sides gradually decreases until it disappears, but there is no significant increase in flow velocity. In Figure 12, it can be seen that with the increase in the sediment concentration, the deposition process and siltation in the intake structure are more significant; the maximum volume fractions of the near-bottom sediment of each scheme are 0.12836, 0.03307, 0.04129, and 0.05850, respectively. The areas with the most significant sediment deposition are mainly distributed in the low-velocity vortex backflow zone on both sides, consistent with the actual deposition distribution of the intake structure.



With the increase in the sediment concentration, the diffusion effect of water flow is significantly improved, the range of low-velocity backflow zone is obviously reduced, and the distribution of flow field and hydraulic loss are improved. However, the limitation of the sediment-carrying capacity of the water flow directly exacerbates the process of sediment deposition, especially for the suction sump, where the flow velocity is already low.




4.4. Effect of Flow Rate on Flow Field


The typical pumping station selected in this study has two types of pump units, namely, high-flow units (1.60 m3/s) and low-flow units (0.88 m3/s). In order to study the impact of different flow quantities and start-up combinations on the water–sediment flow field of the intake structure, a total of five schemes were designed for numerical simulation by adjusting the opening, closing, and flow rates of different units, namely Case4, Case5, Case6, Case7, and Case8, considering the symmetrical opening of pump units and the uniform distribution of flow quantities. The velocity distribution of the Z3 section is shown in Figure 13, the X-axial velocity distribution of the X3 section is shown in Figure 11b, and the distribution of the sediment volume fraction near the bottom is shown in Figure 14.



In Figure 13, the analysis reveals significant mainstream effects and large-scale low-speed vortex backflow zones within the intake structure under different schemes. When the flow rate is low (Case6), the velocity at the inlet is low, the water flow is not prone to wall detachment, the plane diffusion effect is good, the mainstream effect is weak, and the range of the vortex backflow zone is small. Affected by the layout of units, the mainstream is biased to the right, and the overall flow rate is low, with a wide range of flow quantities below 0.100 m/s. As the flow rate increases, the mainstream effect becomes more prominent, and the structure of the flow field becomes more complex; the flow distribution of pump units has a certain impact on the symmetry of the backflow zone. Further, the mainstream range and flow rate increase significantly along the inflow direction, while the increase is weaker in the horizontal direction due to the compression limitation of the vortex backflow zone. Lastly, the range of the vortex return zone is slightly reduced, but the intensity is significantly increased. Due to the large-scale backflow and vortex areas in the forebay and suction sump, the velocity of the sidewalls on both sides is very small, as the velocity in the backflow zone is less than 0.200 m/s and less than 0.100 m/s in a wide range; the smaller the velocity, the more favorable it is for sediment deposition.



As shown in Figure 11b, the distribution pattern of the X axis velocity on the X3 section is basically consistent in different cases. With the increase in the flow rate, the mainstream flow velocity increases obviously, and the peak position gradually deviates to the left, while the reverse flow velocity in the vortex backflow zone increases continuously. The flow velocity on the left side of the X3 section in Case4 and Case5 increases slightly, and the distribution tends to be more symmetrical, indicating a slight decrease both in the range of the vortex backflow zone and the squeezing effect on the mainstream. In Figure 14, sediment deposition within the intake structure is mainly distributed in vortex return zones and areas with velocities below 0.100 m/s; the maximum volume fractions of sediment near the bottom for different cases are 0.02518, 0.02181, 0.03366, 0.02930, and 0.02510, respectively, with little difference. However, the volume of the area with serious sediment deposition near the bottom decreases significantly with the increase in flow rate, which may be due to an increase in overall velocity, especially in the mainstream range and its transition area with backflow, where the sand-carrying capacity of the water flow is significantly improved.



In summary, the increase in the flow rate will exacerbate the mainstream effect and turbulence of the flow patterns within the intake structure and cannot improve the inflow conditions of the pump unit. The process of sediment deposition is mainly affected by many factors, such as the flow velocity, the range and intensity of the vortex backflow zone, as well as the position of the vortex center. The increase in the flow rate reduces the range of sediment deposition to a certain extent, but the existence of a vortex backflow zone will still promote the continuous occurrence of sediment deposition.





5. Conclusions


For pumping stations that divert water from sand-laden rivers, the operational safety and efficiency are threatened by sediment to varying degrees. This study conducted a hydraulic analysis of liquid–solid two-phase turbulence flow in the intake structure through field tests and numerical simulations, considering factors such as the sediment concentration, flow rate, and start-up combination. A three-dimensional computational domain model of the intake structure under siltation was accurately reconstructed by applying the reverse-modeling method; by comparing and verifying with the measured velocity values obtained from field tests, a suitable turbulence model was selected for numerical simulation for the further analysis of the effects of different operating conditions on the flow field and sediment deposition. The research content effectively improved the several shortcomings proposed in the Introduction, helps to explore the causes of sediment deposition, and provides references for the design of anti-deposition measures. The main conclusions are as follows:




	(1)

	
The reverse-modeling method proposed and applied in this study can accurately identify the actual structure of the research object and the morphology of sediment deposition. Moreover, the quantitative verification of the numerical simulation results using field experimental values is more reliable. It not only provides a foundation for subsequent hydraulic analysis but also offers an effective reference for the modeling of similar projects with complex morphology.




	(2)

	
At the solid-phase particle size of 25 μm and mass concentration of 30 kg/m3, the sediment will cause the coaxial vortex to evolve into a larger-scale spiral vortex along the water depth direction, and the backflow zone accounts for about 2/3 of the intake structure volume. The process of sediment deposition is controlled by the range, intensity, and flow velocity of the vortex backflow zone, and the maximum volume fraction of the near-bottom sediment increases by 202.01% compared to the initial state, especially in the suction sump. Sediment deposition is mainly distributed in areas with flow velocities below 0.100 m/s, and the vortex backflow zone is more prominent. With the increase in the sediment concentration, the attenuation of flow velocity will be accelerated. Although it assists in the diffusion of water flow, the increase in the sediment concentration and the decrease in flow velocity will further worsen the problem of sediment deposition. Increasing the flow rate will lead to an increase in the flow velocity within the intake structure, exacerbating the turbulence of the flow field.




	(3)

	
The sediment-laden water source is the fundamental cause of sediment deposition in the intake structure, and the adverse flow fields, such as low-velocity zones and vortex backflow zones, have a significant promoting effect on the sediment deposition process, which is the main reason for its functional decline and sediment deposition. The improvement effect of adjusting the flow rate and start-up combination is relatively weak. Thus, subsequent research on optimization of the structural parameters and engineering measures should be carried out, such as adjusting the diffusion angle, length–width ratio, and bottom longitudinal slope, as well as parameters such as the submergence depth, suspension height, and rear wall distance of the suction pipe. Research could also examine the utility of setting up a debris basin, diversion pier, bottom sill, water-entrapment plate, vortex-elimination device, etc. The sediment particle size is also a non-negligible influencing factor, which should be considered in follow-up to improve the research content. In addition, the critical conditions for the deposition and start-up of sediment at the bottom should also be further analyzed.
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Figure 1. Site investigation of the actual intake structure. (a) Sedimentation morphology, (b) Adverse flow patterns. 
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Figure 2. Schematic of structure and characteristic sections. 
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Figure 3. Field and instrument for flow field measurement. 
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Figure 4. Leica P30 ground non-contact laser scanner. (a) The schematic of field operation, (b) Composition and principle of the instrument. 
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Figure 5. The original point cloud model. 
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Figure 6. Complete computational domain model. 
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Figure 7. Schematic of the boundary conditions and grid division. 
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Figure 8. Comparison of flow velocity values at test points on lX5-Z1. 
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Figure 9. Cloud and vector plots of flow velocity distribution at section Z3 (Case1, Case3). 
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Figure 10. Cloud and vector plots of flow velocity distribution in section Z3 (Case2, Case9, Case10). 
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Figure 11. Distribution diagram of X axis average flow velocity in section X3. 
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Figure 12. Distribution of sediment volume fraction near the bottom (Case2, Case3, Case9, Case10). 






Figure 12. Distribution of sediment volume fraction near the bottom (Case2, Case3, Case9, Case10).



[image: Water 16 00779 g012]







[image: Water 16 00779 g013] 





Figure 13. Cloud and vector plots of flow velocity distribution in section Z3 (Case4~Case8). 
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Figure 14. Distribution of sediment volume fraction near the bottom (Case4~Case8). 
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Table 1. Screening results of sediment particle size.
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	Sieve Hole Size

(μm)
	Sieve Residue

(%)
	Cumulative Sieve Residue

(%)





	600
	0
	0



	300
	0
	0



	150
	0.01
	0.01



	125
	0.03
	0.04



	90
	1.23
	1.27



	75
	4.82
	6.09



	63
	5.87
	11.66



	45
	6.29
	21.35



	Sieve bottom
	81.75
	100










 





Table 2. Design schemes for different working conditions.
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	No.
	CSf (kg/m3)
	Q (m3/s)
	Operation Combination





	Case1
	0
	6.0
	#5 (1.6 m3/s); #2, 3, 4, 6, 7 (0.88 m3/s)



	Case2
	15
	6.0
	Same as case1



	Case3
	30
	6.0
	Same as case1



	Case4
	30
	6.0
	#5 (1.6 m³/s); #1, 3, 4, 6, 8 (0.88 m3/s)



	Case5
	30
	6.0
	#5 (1.6 m³/s); #1, 2, 3, 7, 8 (0.88 m3/s)



	Case6
	30
	5.28
	#1, 2, 3, 5, 7, 8# (0.88 m3/s)



	Case7
	30
	7.44
	#2, 3, 7 (0.88 m3/s); #1, 5, 8 (1.6 m³/s)



	Case8
	30
	8.88
	#3 (0.88 m³/s); #1, 2, 5, 7, 8 (1.6 m³/s)



	Case9
	50
	6.0
	Same as case1



	Case10
	70
	6.0
	Same as case1
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