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Abstract

:

To examine the influence of plate shapes and quantities on the sedimentation performance of a linear sedimentation tank, experimental research was conducted using tanks featuring five distinct plate structures. The findings reveal that when subjected to an inflow rate ranging from 60 to 100 m3/h and with median particle sizes of 571.110 μm and 162.254 μm, for sediment particles in water containing sediment, the flow field distribution in the arc-plate sedimentation tank facilitates the effective settling of sediment particles. Comparative analyses indicate that incorporating eight arc plates in the sedimentation tank, as opposed to an equal number of inclined plates, results in a notable reduction in surface sediment concentration within the plate region, ranging from approximately 8 to 34%. Additionally, the mass percentage of sediment particles with sizes less than 0.05 mm at the tank bottom increases by about 5–7%. Moreover, in comparison to tanks lacking plates and those equipped with four arc plates, the surface sediment concentration experiences a significant decrease, ranging from approximately 33% to 60% and 18% to 44%, respectively. Concurrently, the mass percentage of sediment particles with sizes less than 0.05 mm shows an increase of about 25–32% and 10–20%. The arc-plate sedimentation tank exhibits superior sedimentation efficiency with an inflow rate of 60 m3/h and the installation of eight arc plates. Additionally, the study concludes that increasing the number of plates and reducing the inflow rate enhance sediment settling. The research findings offer valuable insights for the design and advancement of sedimentation tanks.
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1. Introduction


Presently, the scarcity of water resources is increasingly severe and agricultural water accounts for a significant proportion of the water resources in China [1,2,3]. Therefore, water-saving irrigation technology is extensively employed [4,5]. However, due to the high sediment content in diversion irrigation water, blockage and wear [6,7,8,9,10] are common issues faced by micro-irrigation system equipment. To address this problem effectively, sedimentation tanks are frequently installed at the beginning of the irrigation system for the sedimentation treatment of water containing sand [11]. The fundamental working principle of sedimentation tanks revolves around the separation of water and sediment through gravitational and hydraulic methods. Among these methods, the linear sedimentation tank is the most prevalent, when gravitational force is the primary mechanism [12]. Despite its advantages in terms of simplicity in structure, reliable operation, and ease of construction, this type of sedimentation tank is characterized by a lower sedimentation efficiency and the inadequate removal of fine particle sediments [13,14]. Consequently, this may lead to substantial wear on downstream equipment and a reduced lifespan. Furthermore, to attain optimal sedimentation performance, linear sedimentation tanks often demand a considerable footprint. To improve the sedimentation efficiency and enhance its capabilities of removing fine particles in linear sedimentation tanks, there is an urgent need for the optimization of their structural design.



Globally, scholars have undertaken numerous studies focusing on the design and parameter optimization of linear sedimentation tanks. The integration of plates, inclined pipes, and fins in these tanks is pivotal for enhancing sediment settling efficiency and facilitating the removal of fine particle sediments. Shahrokhi et al. [15,16,17,18] conducted a series of experimental and numerical simulation studies on the arrangement parameters of baffles at the inlet of sedimentation tanks. These studies aimed to determine the optimal positions, heights, angles, and quantities of baffles for improved tank performance. The optimal parameters for baffle arrangement were investigated by Asgharzadeh et al. [19], who examined the single baffle arrangement and the double baffle position at various heights. Gao et al. [20,21,22] employed the CFD numerical simulation method to investigate various baffle structures in sedimentation tanks and conducted a comparative analysis on the impact of three turbulence models on flow velocity and turbulence. Nguyen et al. [23] investigated the impact of varying numbers of inclined plates under different flow conditions, demonstrating that an increase in the number of inclined plates can enhance the effective settling area of the sedimentation tank and improve sediment settling efficiency. Hartloper et al. [24] and He and Marsalek [25] provided experimental and numerical evidence that adding fins to the sidewalls can alter the vortex and circulation zones, thereby enhancing sediment settling efficiency. In one study [26], orthogonal experiments were conducted on fin-type inclined-plate sedimentation tanks to explore the influence of the arrangement of the fin-type inclined plate structure on sediment removal efficiency. Tao et al. [27,28,29], relying on numerical simulations, studied the internal flow field of separating fins and the water–sediment separation efficiency of separating fins under different fin spacings. Wang et al. [30,31] used ADV and density bottle methods to investigate the water flow field characteristics and sediment movement trajectories inside slanted tube sedimentation tanks. Li et al. [32] conducted experimental studies on the sedimentation characteristics of a novel cross-flow sedimentation tank, establishing an equation for the movement of sediment on inclined plates. The addition of plates to linear sedimentation tanks can recalibrate the flow field distribution in the tank, thereby improving hydraulic conditions, increasing settling area, and enhancing sediment removal rates. However, the existing research on plate structures in linear sedimentation tanks is relatively limited and often centers on planar thin plate structures, with insufficient exploration of various plate shapes and arrangement parameters. Consequently, this paper introduces an innovative approach by proposing an arc-plate linear sedimentation tank, incorporating arc-shaped plates within the tank. A comparative analysis is conducted, contrasting this design with inclined plates (flat plates placed at an angle). The study systematically examines the impacts of the distinct shapes and quantities of plate structures on flow characteristics, sediment concentration, sediment removal rates, and the distribution of sediment particle sizes in the sedimentation tank. The innovative arc-plate sedimentation tank design is proposed, demonstrating superior sedimentation efficiency compared to traditional inclined-plate sedimentation tanks. The objective is to offer valuable insights for the design and advancement of sedimentation tank structures.




2. Materials and Methods


2.1. Structure and Operational Principles of the Linear Sedimentation Tank


The primary components of the linear sedimentation tank consist of the water inlet, tank, adjusting flow board, flow deflector, plate region, side overflow weir, and clear water tank, as illustrated in Figure 1. The operational principle of the sedimentation tank is as follows: Upon opening the inlet valve, water containing sediment is guided into the tank through the inlet pipe. The adjusting flow board plays an important role in dissipating the high velocity of the inflow, facilitating a more uniform distribution of water flow within the tank [33]. This process facilitates the settling of coarser sediment particles at the bottom of the tank. Following this, the controlled water flow passes through the gap below the flow deflector, encouraging additional sediment settling in the plate region. Clear water then flows through the side overflow weir into the clear water tank. Towards the tail end of the sedimentation tank, a sediment discharge funnel is installed to periodically flush the settled sediment accumulated at the tank bottom.




2.2. Experimental Setup


As depicted in Figure 2, the testing platform comprises a sediment stirring device and a linear sedimentation tank. This platform is situated at the Beijing Tongzhou Experimental Station of China Agricultural University. The sedimentation tank spans a length of 10 m and a width of 1.5 m, with a designed water depth of 1.7 m and an operational water depth of 1.5 m, featuring a flat-bottomed slope. A sediment stirring device, positioned at the front of the sedimentation tank, thoroughly mixes clear water and sediment to create a specific concentration of sediment-containing water. Subsequently, the water containing sediment is pumped into the sedimentation tank. An adjusting flow board is situated 1.2 m from the front wall of the sedimentation tank. The holes are arranged with larger ones at the top, smaller ones at the bottom, and symmetrically arranged larger holes in the middle, densely configured, particularly in the inlet region. The rear section of the sedimentation tank is designated as the plate region, housing a front-installed flow deflector positioned 0.35 m above the tank bottom. This arrangement allows water to flow into the plate region through the gap between the flow deflector and the tank bottom. At the tail end, a side overflow weir, 2 m in length, permits water to pass through and flow into the clean water tank through a filter screen.



For reference, the right side wall along the direction of the water flow is designated as the right wall of the sedimentation tank, the left side is designated as the left wall, and the XYZ directions are indicated in Figure 3.




2.3. Experimental Conditions


The arrangement parameters of the plates in sedimentation tanks play a pivotal role in influencing sedimentation efficiency. In this experiment, the traditional inclined-plate structure is adapted to an arc-plate configuration, with the aim of investigating the impact of plate shape and quantity on both flow patterns and sedimentation efficiency. As depicted in Figure 4, the experiment involved the design of five structural sedimentation tanks. Tank I was devoid of plates, whereas tanks II to V were equipped with four inclined plates, four arc plates, eight inclined plates, and eight arc plates, respectively. Based on previous research findings [34] on inclined-plate sedimentation tanks, where the flow direction opposes the settling direction of the sediment, the inclination angle of the inclined plates is typically set at 60° to facilitate the efficient settling of sediment to the tank bottom. Consequently, for this experiment, the inclination angle of the inclined plates was maintained at 60°, featuring dimensions of 1.5 m in length, 0.8 m in width, and 0.8 m in thickness for the thin plates. To maintain uniform horizontal projection areas for both inclined plates and arc-shaped plates, the central angle of the arc-shaped plates was set at 120°. The arc-shaped plates were constructed using thin plates with a radius of 0.4 m and a thickness of 0.8 m.



In this experiment, three different inflow rates of 60, 80, and 100 m3/h were applied. Observations were conducted on two types of sediment samples, ensuring that the inlet sediment concentration was maintained at around 3 kg/m3. In sediment sample A, the median particle size measured 571.110 μm. The cumulative particle distribution revealed a 10% particle size (D10) of 93.539 μm and a 90% particle size (D90) of 832.708 μm. Sediment sample B exhibited a median particle size of 162.254 μm, accompanied by a cumulative particle distribution indicating a D10 of 19.254 μm and a D90 of 560.132 μm.




2.4. Experimental Instruments and Measurement Methods


To analyze the internal flow characteristics and sediment concentration distribution within the sedimentation tank, measurements were taken for both flow velocity and sediment concentration. A total of 18 measurement cross-sections were established, as illustrated in Figure 5. The flow velocity measurements were conducted using an Acoustic Doppler Velocimeter, with a sampling frequency of 200 Hz and a sampling duration of 30 s. The measurement accuracy was ±0.5% ± 1 mm/s. The measurement points were positioned at longitudinal locations of Y = 20 cm, Y = 40 cm, Y = 75 cm, Y = 110 cm, and Y = 130 cm and at depth locations of Z = 10 cm, Z = 30 cm, Z = 50 cm, Z = 70 cm, Z = 90 cm, Z = 110 cm, and Z = 130 cm. This resulted in a total of 35 measurement points. The sediment concentration was determined using the specific gravity bottle method, employing instruments such as conical flasks, precision electronic balances, and platform scales. Due to the uniform distribution of sediment concentration across longitudinal sections, measurements for this experiment exclusively concentrated on the Y = 75 cm central axis. Measurement points were established at Z = 20 cm, Z = 50 cm, Z = 80 cm, Z = 110 cm, and Z = 140 cm. To minimize measurement errors in sediment concentration, three measurements were taken at each measurement point, with the error controlled within 1%, and then the average value was calculated. The sediment concentration is calculated using Equation (1).


      C   s   =     ρ   1   (   m   2   −   m   1   )   V (   ρ   1   −   ρ   0   )    



(1)







The sediment removal efficiency calculation equation is represented in Equation (2).


    η   s   =     C   s 1   −   C   s 2       C   s 1     × 100 %  



(2)




where     C   s     is the sediment concentration (kg/m3);     ρ   1     and     ρ   0     are the sediment density (2650 kg/m3) and the density of distilled water (1000 kg/m3), respectively;     m   1     is the mass of the specific gravity bottle and distilled water (kg);     m   2     is the mass of the specific gravity bottle and water sample (kg);     η   s     is the sediment removal efficiency (%);       C   S 1     is the sediment concentration in the water source; and     C   S 2     is the sediment concentration at the sampling site.



To measure the particle size distribution of sediment at the tank bottom across four sections located at X = 50 cm, 150 cm, 600 cm, and 900 cm, the British MS2000 laser particle size analyzer was employed with a measurement range from 0.2 to 2000 μm and a measurement error of less than 1%.
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Figure 5. Diagram of measurement section (cm). The dotted lines represent the velocity and sediment concentration measurement section, while the solid lines correspond to sections at x = 50 cm, 150 cm, 600 cm, and 900 cm. 
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3. Results and Analysis


3.1. Analysis of Flow Characteristics


The combined lateral and vertical velocities, along with vector angles for each measurement point, were computed, and velocity cloud maps and vector diagrams were generated. Similar distribution patterns of flow velocities within the sedimentation tanks were observed under three different inflow rates. For instance, in the case of an inflow rate of 60 m3/h, a thorough analysis was conducted on the flow velocity characteristics across the sedimentation tanks, considering five different structural configurations.



3.1.1. Comparative Analysis of Flow Velocity along Sedimentation Tanks without Plates


Figure 6 displays velocity cloud maps and vector diagrams for longitudinal sections in sedimentation Tank I. In the sections at X = 20 cm and X = 60 cm, before the adjusting flow board, the distribution of the combined velocity direction appears chaotic, with irregular magnitudes. This can be attributed to higher flow velocity and turbulence near the inlet, leading to vortex phenomena. In particular, in the sections at Y = 20 cm and Y = 130 cm, which directly face the inlet, there is a significant flow velocity within the Z = 0–50 cm range. This notable flow may lead to the resuspension of sediment at the tank’s bottom, due to scouring, potentially reducing the sedimentation efficiency of sedimentation tank I. In the section at X = 100 cm, before the adjusting flow board, the combined velocity is predominantly directed upward. This is attributed to the larger apertures in the upper part of the adjusting flow board, which enhances the overflow capacity. Beyond the adjusting flow board at X = 120 cm, the primary direction of the combined velocity shifts downward, creating a more uniform flow. This phenomenon arises from the higher flow velocity in the upper part with larger apertures. The bottom velocity exceeds the upper velocity, inducing lower bottom pressure and, consequently, directing the flow towards the bottom. Between the adjusting flow board and the flow deflector, the velocity distribution across various sections remains similar, with the combined velocity consistently pointing downstream. The vertical flow velocity in this section is relatively small, with a uniform distribution ranging from 0.003 to 0.01 m/s. This suggests that the adjusting flow board plays a significant role in regulating the flow, facilitating uniform and stable sediment settling. The observed pattern, where the bottom flow velocity is smaller than the upper flow velocity, aligns with the principles of open-channel flow. In the sections preceding the flow deflector, the primary direction of the combined velocity is downward, as water enters the plate region through gaps in the flow deflector and the tank bottom. However, in the rear section after the flow deflector, the bottom flow velocity increases, potentially carrying deposited sediment into the plate region, thus affecting sedimentation efficiency. Within the plate region of the sedimentation tank, all sections exhibit backflow phenomena, which can be detrimental to sediment settling. Therefore, it is important to reduce backflow volume and enhance sedimentation efficiency by implementing plates. Notably, in the sections near the right wall tail at Y = 20 cm and Y = 40 cm, the upper flow velocity is relatively large and the combined velocity is directed upwards, due to the suction effect of the side overflow weir outlet.




3.1.2. Comparative Analysis of Flow Velocity along Sedimentation Tanks with Different Plate Structures


To explore the impact of plate structure shape and quantity on velocity distribution within the sedimentation tank, a study was conducted on the plate region with varying structures. The distinguishing factor lies in the influence of the left and right walls of the sedimentation tank, where the combined velocity is relatively smaller near the wall. Consequently, a comparative analysis of flow velocity was undertaken at the Y = 20 cm, 40 cm, and 75 cm sections for sedimentation tanks with different structures.



Figure 7 illustrates the flow velocity distribution and vector diagrams at the Y = 20 cm, 40 cm, and 75 cm sections for sedimentation tanks with different structures. To further investigate the influence of plate structure shapes on flow velocity, a comparison was conducted among sedimentation Tanks II, III, IV, and V. Interestingly, under the same number of plates, it was observed that the velocity in tanks with arc plates was smaller compared to those with inclined plates. In particular, the combined velocity direction between plates exhibited a downward trend, facilitating the accelerated settling of sediment. This trend proves to be particularly advantageous for fine sediment particles. This phenomenon can be attributed to the fact that, with the same proportion of increased effective settling area, the centrifugal force exerted on the water flow between arc plates leads to a reduction in velocity and a shift in the flow direction. These flow characteristics are conducive to effective sediment settling. To investigate the influence of the quantity of plates on flow velocity, a comparison was conducted among sedimentation Tanks I, II, and IV and I, III, and V. Analysis of the flow direction within the tank revealed that as the number of plates increased, the volume of backflow zone in the plate region decreased, thereby facilitating sediment settling. Furthermore, an examination of the flow velocity magnitudes within the tank indicated that with an increasing number of plates, the flow velocity between plates decreased, relatively, making it easier for smaller particle-sized sediment to settle.





3.2. Analysis of Sediment Concentration Distribution


Under three different inflow rates, the variations in sediment concentration distribution across various sedimentation tanks for two distinct sediment samples are found to be similar. This section specifically focuses on the analysis of sediment concentration distribution patterns in sediment sample A within the sedimentation tank under an inflow rate of 60 m3/h.



The patterns of sediment concentration distribution among different sedimentation tanks are similar. Figure 8a,b illustrate the sediment concentration distribution in sediment sample A across sedimentation Tanks I and V, with an inflow rate of 60 m3/h. Prior to adjusting the flow board, higher sediment concentrations, ranging from 6.5 to 9 kg/m3, are observed near the bottom of the sedimentation tank at Z = 20 cm and Z = 50 cm. In the middle section of the sedimentation tank at Z = 80 cm, the sediment concentration decreases in comparison to the bottom, ranging between 4 and 6 kg/m3. At the surface layer of the sedimentation tank, the sediment concentration ranges from 3 to 4 kg/m3. The increased sediment concentrations at the bottom and middle sections can be attributed to the high inflow velocity near the inlet. This high velocity entrains sediment deposits from the bottom, causing them to be resuspended and dispersed upward during tank operation. The sediment concentration exhibits a decreasing trend between the adjusting flow board and the flow deflector, with varying rates of decrease. In the region of X = 140–240 cm, the sediment concentration decreases rapidly. However, in the region of X = 240–600 cm, the decrease is slower. This is due to larger particles settling quickly to the bottom in the front, whereas smaller particles settle at a slower rate. Additionally, the turbulent flow in this section is insufficient to facilitate the settling of smaller particles at the tank bottom.



After the flow deflector at X = 620 cm, there is an observed increase in sediment concentration at the tank bottom. This increase is attributed to the high flow velocity from the gap between the flow deflector and the tank bottom, causing scouring of the sediment from the tank bottom. Figure 8c–e illustrate sediment concentration distribution in sediment sample A across the plate region of sedimentation tanks under Z = 80 cm, Z = 110 cm, and Z = 140 cm. In the plate region, the sediment concentration shows a gradual decreasing trend. A comparison among sedimentation Tanks I, II, III, IV, and V reveals that sedimentation is more rapid in Tank V. The surface layer sediment concentrations in the plate region of sedimentation Tanks I, II, III, IV, and V are 1.33–1.45 kg/m3, 1.07–1.24 kg/m3, 0.9–1.02 kg/m3, 0.74–0.94 kg/m3, and 0.5–0.61 kg/m3, respectively. Tank III reduces sediment concentration by about 17% compared to Tank II, while Tank V reduces it by approximately 34% compared to sedimentation Tank IV. The results suggest that the arc-plate sedimentation tank has a more significant impact on sediment settling. When comparing sedimentation Tanks I, III, and V, it becomes evident that the trend of sediment concentration decrease accelerates with an increase in the number of plates. Notably, Tank V reduces sediment concentration by approximately 60% compared to Tank I and by about 42% compared to Tank II.



For other operating conditions, the patterns of sediment concentration variation along the tank are consistent. In summary, under an inflow rate of 60–100 m3/h and during the treatment of sediment sample A, the surface layer sediment concentrations in the plate region of various sedimentation tanks range from 1.33 to 1.74 kg/m3, 1.07 to 1.50 kg/m3, 0.85 to 1.35 kg/m3, 0.74 to 1.18 kg/m3, and 0.55 to 1.01 kg/m3, respectively. Under identical conditions, the sediment concentration in the surface layer of the plate region within Tank V decreases by approximately 15% to 34% when compared to Tank IV. Moreover, it exhibits a reduction of about 42% to 60% in comparison to Tank I and a decrease of 25% to 44% relative to Tank III. During the treatment of sediment sample B, at an inflow rate ranging from 60 to 100 m3/h, the surface layer sediment concentrations in the plate region vary across different sedimentation tanks. The concentrations are observed to be in the ranges of 1.52 to 1.96 kg/m3, 1.33 to 1.79 kg/m3, 1.11 to 1.61 kg/m3, 1.01 to 1.44 kg/m3, and 0.82 to 1.32 kg/m3, respectively. Under identical conditions, the surface layer sediment concentration in the plate region of Tank V experiences a decrease of approximately 8% to 19% compared to Tank IV. Furthermore, it demonstrates reductions of about 33% to 46% and 18% to 27% when compared with Tanks I and III, respectively. The analysis suggests that the arc-plate sedimentation tank proves more effective than the inclined-plate sedimentation tank in sediment settling. Additionally, it is noteworthy that the sedimentation effect improves with an increase in the number of plates.




3.3. Analysis of Sediment Removal Efficiency


To conduct a more in-depth analysis of the sedimentation efficiency across different structural sedimentation tanks, water samples were systematically collected at surface locations (X = 800, 840, 880, 920, and 960 cm) at the outlet of the side overflow weir. The specific sampling coordinates were recorded as (800, 10, 150), (840, 10, 150), (880, 10, 150), (920, 10, 150), and (960, 10, 150). Following the collection of these samples, the sediment removal efficiency at each location was calculated and, subsequently, averaged for a comprehensive assessment.



Figure 9 depicts the sediment removal efficiency of five structural sedimentation tanks. Notably, within sedimentation tanks of identical structures, the sediment removal efficiency for sediment sample A proved markedly higher than that observed for sediment sample B across diverse conditions. Furthermore, for a given sediment sample, there was a discernible decreasing trend in sediment removal efficiency with an increase in the inflow rate. In the inflow rate range of 60–100 m3/h, Tank V exhibited the highest sediment removal efficiency. For sediment sample A, the sediment removal efficiency ranged from 66.85% to 82.45%, marking an increase of 8% to 10% when compared to Tank IV. Furthermore, it demonstrated a substantial improvement of 48–58% and 17–21% compared to Tanks I and III, respectively. In the case of sediment sample B, the sediment removal efficiency of Tank V ranged from 57.13% to 72.58%, highlighting an increase of 7–10% in comparison to Tank IV. Additionally, it displayed notable enhancements of 47–60% and 15–20% relative to Tanks I and III, respectively. These findings indicate that the arc-plate sedimentation tank plays a pivotal role in achieving a higher sediment removal efficiency, surpassing the performance of the inclined-plate sedimentation tank. Moreover, there is a discernible upward trend in sediment removal efficiency with an increase in the number of arc plates.




3.4. Analysis of Particle Size Distribution


3.4.1. Distribution of Particle Size in Different Sedimentation Tanks


Sediment samples were extracted from the tank bottom at the cross-section X = 900 cm for measurement. Figure 10 illustrates the comparative sediment particle size distribution curves of various sedimentation tanks under different operating conditions. To exemplify, considering the condition of treating sediment sample A at an inflow rate of 60 m3/h, the median particle sizes of sediment particles in sedimentation Tanks I–V are 161.426 μm, 108.568 μm, 92.595 μm, 63.267 μm, and 45.978 μm, respectively. The mass percentages of sediment particles smaller than 0.05 mm are as follows for sedimentation Tanks I–V: 19.81%, 26.35%, 32.27%, 46.03%, and 54.28%, respectively. The mass percentages of sediment particles with sizes ranging from 0.1 mm to 1 mm are reported as 57.15%, 51.29%, 43.91%, 34.25%, and 25.98%, for sedimentation Tanks I–V, respectively. These data suggest that as the number of plates increases, the sedimentation effect becomes more prominent. Notably, the arc-plate sedimentation tank, when compared to the inclined-plate sedimentation tank, exhibits a notable capability in facilitating the settlement of finer sediment particles. This highlights a significant enhancement in sediment settling achieved by the arc-plate sedimentation tank. Importantly, this pattern remains consistent across different flow rates and sediment samples.



Micro-irrigation water generally requires the removal of sediment particles with particle size greater than 0.05 mm in water containing sediment [6,35]. The mass percentages of sediment particles smaller than 0.05 mm for various sedimentation tanks under different flow rates and sediment sample conditions are depicted in Figure 11. Notably, under identical flow rates and sediment sample conditions, Tank V consistently exhibits the highest mass percentage of sediment particles smaller than 0.05 mm in its tank bottom sediment particle size distribution. However, an interesting trend is observed where, with an increase in flow rate, the mass percentage of sediment particles smaller than 0.05 mm tends to decrease. At an inflow rate ranging from 60 to 100 m3/h, during the treatment of sediment sample A, the mass percentage of sediment particles smaller than 0.05 mm in the tank bottom sediment particle size distribution of sedimentation Tank V varies from 42.73% to 54.28%. This represents an increase of approximately 7% compared to Tank IV and a substantial increase of about 32% and 20% compared to Tanks I and III, respectively. In the treatment of sediment sample B, the mass percentage of sediment particles smaller than 0.05 mm in the tank bottom sediment particle size distribution of Tank V ranges from 49.95% to 59.94%. This denotes an increase of approximately 5% compared to Tank IV and a significant rise of about 25% and 10% compared to Tanks I and III, respectively. These findings highlight that, in addressing sediment particles smaller than 0.05 mm, the arc-plate sedimentation tank exhibits superiority over the inclined-plate sedimentation tank. Furthermore, there is a noticeable enhancement in the treatment effect on fine particles with an increase in the number of arc plates.




3.4.2. Distribution of Particle Size in Arc-Plate Sedimentation Tanks


A comprehensive study was undertaken to analyze the particle size distribution along the arc-plate sedimentation tank. In Figure 12, particle size distribution curves of sedimentation Tank V are presented under different inflow rate conditions. Sediment samples were meticulously collected at four bottom cross-sections (X = 50 cm, 150 cm, 600 cm, and 900 cm). Specifically, for an inflow rate of 60 m3/h and the treatment of sediment sample A, the mass percentage of sediment particles smaller than 0.05 mm was found to be 6.75%, 10.21%, 28.23%, and 54.28% at the X = 50 cm, 150 cm, 600 cm, and 900 cm cross-sections, respectively. Simultaneously, the mass percentage of particles larger than 0.1 mm was measured at 29.02%, 79.98%, 55.29%, and 25.98%, respectively. In the treatment of sediment sample B under identical flow conditions, the mass percentage of particles smaller than 0.05 mm was recorded as 21.41%, 29.68%, 32.72%, and 59.94% at the X = 50 cm, 150 cm, 600 cm, and 900 cm cross-sections, respectively. Concurrently, the mass percentage of particles larger than 0.1 mm was measured at 62.06%, 53.32%, 48.29%, and 24.95%, respectively. These findings suggest that along the arc-plate sedimentation tank, there is a gradual decrease in the mass percentage of particles larger than 0.1 mm, coupled with an increase in the mass percentage of particles smaller than 0.05 mm. This trend implies the effective removal of finer sediment particles along the tank, indicative of the sedimentation system’s efficiency in addressing smaller particle sizes. Moreover, it was noted that, under identical sediment conditions, the distribution pattern of sediment particles along the tank remained consistent at various flow rates. Notably, a more pronounced sediment removal efficiency was observed under lower flow conditions. This observation suggests that the sedimentation system shows a more effective particle removal performance when operating at lower flow rates.






4. Discussion


This paper investigates the sedimentation performance of an arc-plate linear sedimentation tank through experimental studies, employing various flow rates and sediment sample conditions. The analysis investigates the impact of the arc-plate sedimentation tank’s shape and quantity on the hydrodynamic state and sedimentation performance. Key conclusions drawn from experiments involving three inflow rates and two sediment sample conditions across five structural sedimentation tanks are as follows: under the same flow rate and sediment sample condition, a greater number of plates results in an enhanced sedimentation performance; conversely, processing the same sediment sample under different flow rates induces an increase in flow velocity, accompanied by a decrease in sedimentation efficiency. These findings align with previous studies conducted by Zha et al. [36] and Hu and Gui [37]. The experimental results reveal that the sedimentation efficiency of the arc-plate sedimentation tank exceeds that of the inclined-plate sedimentation tank. Numerous studies have investigated the removal efficiency of sediments in various types of linear sedimentation tanks, with most sediment removal rates falling within the range of 37% to 62% [38,39,40]. In this specific experiment, the arc-plate sedimentation tank achieved an impressive sediment removal rate of 82.45% for sediment sample A and a rate of 72.58% for sediment sample B at a flow rate of 60 m3/h.



The installation of plates in sedimentation tanks substantially improves the sedimentation efficiency of fine particle sediments. According to Nguyen et al. [23], the sedimentation efficiency of the inclined-plate sedimentation tank is intricately linked to the effective settling area. Increasing this area can reduce the settling distance of particles, consequently enhancing sedimentation efficiency. The equation representing the proportion of increasing effective settling area is as follows:


  ∆ =     A   b       A   0        



(3)







In this study, inclined-plate and arc-plate sedimentation tanks are analyzed and their horizontal projection areas are determined by considering the relevant geometric parameters.


    A   b 1   = n W L c o s θ    



(4)






      A   b 2   = 2 n R L   1 − c o s   α   2      



(5)




where ∆ represents the proportion of increasing effective settling area;     A   b 1     a n d     A   b 2       indicate the horizontal projection area of the inclined plate before and after the increase;     A   0     denotes the surface area of the sedimentation tank; n, W, and L signify the number, width, and length of the plates; θ designates the inclination angle of the inclined plate; and R and α show the radius and central angle of the arc plate.



Table 1 presents the details of the increase in the proportion of effective settling area for sedimentation tanks with five different structures.



Experimental investigations conducted under identical flow rates and sediment sample conditions revealed that, when compared to sedimentation Tanks I, II, and IV, as well as I, III, and V, an increase in the quantity of plates enhances the water flow characteristics and improves sediment settling efficiency. These results further support previous findings indicating that an increase in the effective settling area leads to improved sediment settling effectiveness [23]. Notably, the arc-plate sedimentation tank adheres to this observed pattern. Under constant effective settling area conditions, signifying a consistent plate quantity, a comparative analysis between sedimentation Tanks II and III, and IV and V reveals that the sedimentation efficiency of the arc-plate sedimentation tank surpasses that of the inclined-plate sedimentation tank. This improvement is attributed to the arc-shaped structure adjusting the flow characteristics within the tank through centripetal force. This adjustment results in an enhancement of hydraulic conditions by transforming the larger backflow area into a smaller eddy flow area between the plates, which is conducive to sediment settling. Furthermore, under equivalent proportions of increased effective settling area, the arc-plate sedimentation tank demonstrates reduced Reynolds numbers and diminished turbulence between the plates. In the comparison across different flow rates and sediment samples, the inflow rate emerges as a critical factor influencing sedimentation efficiency. An increase in flow rate leads to elevated flow velocities and intensified turbulence within the tank, which is unfavorable for sediment settling.




5. Conclusions


This study conducted a comparative investigation on various configurations of straight-line sedimentation tanks with plate structures through physical model experiments. The analysis encompassed three inflow rates and two sediment samples, exploring and discussing water flow velocity characteristics, sediment concentration distribution, sediment removal efficiency, and sediment particle size distribution at various cross-sections within the tank. Specifically, under the conditions involving an inflow rate ranging from 60 to 100 m3/h and processing sediment samples with median particle sizes of 571.110 μm and 162.254 μm, the main conclusions are as follows:




	(1)

	
The distribution of the flow field and the velocity characteristics within the arc-plate sedimentation tank create a more favorable environment for the settling of sediment particles. The flow velocity between the arc plates is notably lower when compared to inclined plates, particularly when considering the downward direction of the combined velocity between the plates. This configuration effectively promotes a swifter settling of sediment. An increased number of plates leads to a reduction in the volume of the recirculation zone within the plate region. This alteration proves advantageous in facilitating the settling of sediment.




	(2)

	
The arc-plate sedimentation tank proves highly effective in substantially reducing the surface sediment concentration within the plate region. When equipped with eight arc plates, the sediment concentration in the plate area measures between 0.5 and 1.32 kg/m3, indicating a noteworthy reduction ranging from approximately 8 to 34%, when compared to an equivalent number of inclined plates. In contrast to both plate-less tanks and those featuring four arc plates, the reduction in sediment concentration is even more pronounced. Specifically, the decrease ranges from about 33% to 60%, when compared to tanks without plates and from 18% to 44%, when compared to tanks with four arc plates. This highlights the superior sedimentation effect of the arc-plate sedimentation tank compared to its inclined-plate counterpart, with the sedimentation efficiency demonstrating an upward trend with an increasing number of arc plates.




	(3)

	
The implementation of the arc-plate sedimentation tank results in a notable enhancement of sediment removal efficiency. Equipped with eight arc plates, the sediment removal efficiency spans from 57.13% to 82.45%, reflecting an improvement of approximately 7–10% when compared with a sedimentation tank featuring eight inclined plates. Furthermore, this efficiency increase becomes even more evident, showing a rise of about 47% to 60%, compared to a tank without plates, and a rise of 15% to 21% in comparison to a tank with four arc plates.




	(4)

	
The arc-plate sedimentation tank demonstrates a noteworthy promotion of the settling of fine particle sediments. When equipped with eight arc plates, the mass fraction of sediment particles smaller than 0.05 mm in the tail bottom of the sedimentation tank falls within the range of 42.73% to 59.94%. This signifies an enhancement of approximately 5–7% compared to a sedimentation tank featuring eight inclined plates. Furthermore, this increase becomes more pronounced when compared to a tank without plates, showing a rise of about 25% to 32%, and when compared to a tank with four arc plates, exhibiting an increase of 10% to 20%.
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Figure 1. Model diagram of linear sedimentation tank with key components. 1. Water inlet; 2. adjusting flow board; 3. flow deflector; 4. plate region; 5. side overflow weir; 6. filter screen; 7. clean water tank. 
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Figure 2. Field diagram of the testing platform: (a) sediment stirring device and (b) field diagram of the linear sedimentation tank test platform. 
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Figure 3. Schematic diagram of the structure of the testing platform: (a) top view and (b) section view. 






Figure 3. Schematic diagram of the structure of the testing platform: (a) top view and (b) section view.



[image: Water 16 01075 g003]







[image: Water 16 01075 g004] 





Figure 4. Five structural sedimentation tanks: (a) Tank I with no plates, (b) Tank II with four inclined plates, (c) Tank III with four arc plates, (d) Tank IV with eight inclined plates, and (e) Tank V with eight arc plates. 
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Figure 6. Cloud and vector diagrams of flow velocity along sedimentation tank I. 
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Figure 7. Flow velocity distribution and vector diagrams at Y = 20 cm, 40 cm, and 75 cm sections for sedimentation tanks with different structures. (a) Cloud and vector diagrams of flow velocity in different sedimentation tanks at Y = 20 cm. (b) Cloud and vector diagrams of flow velocity in different sedimentation tanks at Y = 40 cm. (c) Cloud and vector diagrams of flow velocity in different sedimentation tanks at Y = 75 cm. 
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Figure 8. (a,b) show sediment concentration distribution in sediment sample A across sedimentation Tanks I and V. (c–e) show sediment concentration distribution in sediment sample A across the plate region of sedimentation tanks under Z = 80 cm, Z = 110 cm, and Z = 140 cm. 
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Figure 9. Sediment sample sediment removal rates of two sediment sample types in various sedimentation tanks. (a) Sample A and (b) Sample B. 
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Figure 10. Comparative sediment particle size distribution curves of various sedimentation tanks under different operating conditions. (a–c) show sediment particle size distribution curves of different sedimentation tanks at an inflow rate of 60–100 m3/h, when treating sediment sample A. (d–f) display sediment particle size distribution curves of different sedimentation tanks at an inflow rate of 60–100 m3/h, when treating sediment sample B. The vertical axis in the figure represents the mass percentage of sediment particles smaller than a certain particle size. 
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Figure 11. Mass percentages of sediment particles smaller than 0.05 mm in different sedimentation tanks under varied flow rates and sediment sample conditions. (a) Sediment sample A and (b) sediment sample B. The vertical axis in the figure represents the mass percentage of sediment particles smaller than 0.05 mm. 
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Figure 12. The particle size distribution curves of sedimentation Tank V under different inflow rate conditions. (a–c) show sediment particle size distribution curves at four bottom cross-sections (X = 50 cm, 150 cm, 600 cm, and 900 cm) for an inflow rate ranging from 60 to 100 m3/h, illustrating the treatment of sediment sample A. (d–f) display sediment particle size distribution curves at the same four bottom cross-sections (X = 50 cm, 150 cm, 600 cm, and 900 cm) for an inflow rate of 60–100 m3/h, focusing on the treatment of sediment sample B. The vertical axis in the figure represents the mass percentage of sediment particles smaller than a certain particle size. 
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Table 1. The proportion of increasing effective settling area.
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	Sedimentation Tank
	I
	II
	III
	IV
	V





	Δ
	0
	0.4
	0.4
	0.8
	0.8
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