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Abstract

:

Artificial islands and viewing pavilions can act as barriers in slow-flow water bodies such as lakes and can be used together with water diversion projects to improve the water quality. In this study, based on the particle image velocimetry system, we carried out flume experiments to study the influence of the location and shape of barriers on the purification capacity of a slow-flow water body. We analyzed the velocity composition based on the information entropy H and the vector distributions, average velocity and water exchange rate η. The results reveal that the hydrodynamic characteristics are significantly optimized by barrier structures. η doubles if the barrier structure is reasonably designed, and it is positively correlated with the average velocity. In all cases, the highest η is recorded for a barrier shaped as a rectangular column and increases with the interaction area between the flow and structure. The water purification capacity and flow velocity gradually increase with increasing flow rate. The influence of the relative distance l between the inlet and the structure on η is non-monotonic. To achieve a higher η, the l for the rectangular column, triangular prism, and semi-cylinder should be 0.2–0.3, 0.2–0.3, and 0.3–0.55, respectively. The deflection angles and the ratio of lateral velocity to streamwise velocity of the deflection mainstream decrease with increasing l. H for the rectangular column is higher than that for other shapes. The results are of guiding significance for the layout of barrier structures and for the optimization of water landscapes in practical applications.






Keywords:


slow-flow water body; barrier structure; water exchange rate; average velocity; velocity composition












1. Introduction


A slow-flow water body is a closed or semi-closed water body with low fluidity, a low exchange rate, poor reoxygenation ability and weak self-purification ability, which has not yet been clearly defined [1,2]. According to the flow velocity in which the growth of submerged vegetation is not significantly inhibited in relevant studies [3,4,5], it can be preliminarily considered that the flow velocity of slow-flow water is generally 0–0.35 m/s. Slow-flow water bodies, such as landscape wetlands, reservoirs, and artificial lakes, are increasingly common with the construction and development of hydraulic ecosystems. Owing to the influence of point or non-point source pollution and insufficient supplies of fresh water sources, a large number of slow-flow water bodies have been significantly polluted and their water quality has degraded [6,7,8,9]. Taking measures to protect the water quality of slow-flow water is of great significance for water ecosystem restoration, ecological construction and landscape optimization.



The water exchange process refers to the process of water exchange and integration between slow-flow water and external water bodies, and between different water bodies within slow-flow water [10]. It is a key factor that affects the water quality [11], which can be evaluated by water age, renewal time, etc. [12,13]. The water exchange process can affect the chlorophyll content, suspended sediment distribution and water turbidity [14,15,16]. The water exchange process is also susceptible to the wind field, tide, topography and other factors [17,18,19,20]. The complex hydrodynamic process is of great significance to alleviate and control lake eutrophication [21]. Therefore, it is urgent to study the water exchange process of slow-flow water bodies and the measures that need to be taken to promote the water exchange process, so as to optimize the water quality and hydrodynamic characteristics of these bodies of water.



The promotion of water exchange is regarded as a healthy and efficient method to alleviate eutrophication and improve water ecology [22,23,24]. A water diversion project is a common method that is used to solve water quality deterioration and alleviate water pollution [25,26,27], which has been widely proved to have complex effects on water ecosystems [28,29,30]. Water diversion projects can significantly reduce the water age of the water body (especially in the center of the water body) [17], shorten the residence time [31] and reduce the comprehensive restoration time [32]. It can increase the surface area and restore the degraded water systems [33], and the water circulation system constructed by the water diversion projects can effectively improve the current speeds, reduce the proportion of stagnation areas, and increase the velocity in low-velocity zones [34,35]. The diversion water has an obvious influence on the flow velocity near the intake [36]. The efficiency of water diversion is easily affected by wind conditions, water transfer routes, water transfer schemes, ecological water demand and other factors [37,38]. Li et al. [39] proposed that 98.4% of the lake areas could be covered under the appropriate water transfer routes and schemes. Research on the water diversion projects of Taihu Lake showed that the dual-source diversion method has better advantages than the single-source diversion method under normal circumstances [40], and the sluice and pump diversion in artificial lakes could improve the water quality in the whole wading area [41]. Due to the complex influence of water diversion projects on the water exchange process in lakes [42], blind water diversion may not be able to fully improve the water quality [43,44], so it is very important to study the influence of water diversion projects on the hydrodynamic characteristics and water quality of slow-flow water bodies.



Recently, the landscape design of slow-flow water bodies often involves piers, pillars and artificial islands of various shapes [45,46,47]. Relevant research shows that the average velocity, turbulence intensity and Reynolds shear stresses around the complex piers with pile caps are lower than those around the simple piers [48], and the turbulence intensity increases with pier size in the presence of ice cover [49]. Flow field analysis shows that in the area upstream of the pier, the streamwise component of velocity becomes positive for which the universal log-law turns out to be valid [50]. The construction of artificial islands affects the flow field around the islands [51,52]. Liu et al. [53] proposed that a reasonable arrangement of artificial islands could enhance channel exchange, which could improve water exchange capacity to a certain extent. Relevant research mainly focuses on the flow field and velocity profile around the structures [54,55], while there are few studies on the water exchange process under the influence of the barrier structures in the slow-flow water.



The combination of water diversion projects and structure design represents one of the most important ways to improve the ecological environment of slow-flow water bodies. It is of great application value to study the influence of structures on hydrodynamic characteristics and water exchange efficiency. In this paper, we carried out flume experiments to study the influence of the location and shape of barrier structures on the renewal capacity of slow-flow water bodies. The data of the two-dimensional flow field of the slow-flow water body influenced by a barrier structure were recorded using a particle image velocimetry (PIV) system. Additionally, based on the principle of information entropy, the changes in the two-dimensional flow field, water exchange rate, average velocity, and velocity of the deflected mainstream center were processed and analyzed. The main purpose of this study is to reveal the following: (1) the influence of structure shape on the two-dimensional flow field of the water surface and water exchange rate; (2) the response of the two-dimensional flow field and water exchange rate to the adjustment of the location of the barriers. The research results can guide the design and location adjustment of barrier structures to enhance water exchange capacity and promote pollutant removal in slow-flow water bodies under the influence of diversion projects. This study provides a method and technical reference for quantitative comparative analysis and improvement of water exchange capacity.




2. Experimental Methods


2.1. Experimental Facility and Instrumentation


As shown in Figure 1, the generalized physical device consists of a main water flume, a water reservoir and a tail water-collecting tank. Considering that lakes are mainly shallow and wide, the normal physical model will lead to a water depth that is too shallow, so a distorted model was adopted in this study [56,57]. The main flume was modeled on Xinglong Lake in Chengdu City. The length and width of the main water area are approximately 1.7 and 1.2 km, respectively, and the ratio is about 1.4. The main flume was a plexiglass rectangular flume that was 80 cm in length, 60 cm in width, and 10 cm in height, which meets the length and width ratio of Xinglong Lake. The bottom was horizontal to the ground. Inlet and outlet flumes with a width of 5 cm were set on the one side of the flume. The inlet was connected to a reservoir that was 40 cm in length, 40 cm in width, and 60 cm in height through a water inlet chute. Water pipes with an inner diameter of 21 mm were connected to both sides of the reservoir. An inlet valve and a turbine flowmeter were installed. To produce different flow rates, the inlet and outlet valves of the reservoir were adjusted to stabilize the water level at different heights. A baffle was placed at the outlet of the flume to stabilize the water level at 5 cm. The water flowing out of the flume was collected by the water tank and transported to the reservoir by a circulating pump. Taking Xinglong Lake in Chengdu City as the prototype, a series of generalized physical experiments were designed to study the two-dimensional hydrodynamic process under the water diversion projects. The flow characteristics and barrier structure’s influence were considered by ignoring the influence of boundary conditions. The influence of wind field was not considered in this experiment. The relationship among the diversion flow rates, artificial structure and hydrodynamic characteristics was mainly studied and revealed.



Surface velocity is an important parameter to describe the characteristics of flow, and is the external embodiment of the internal turbulent structure. As an important hydrological factor, the distribution of surface velocity directly or indirectly controls the diffusion of pollutants and sediment movement [58,59]. It is of great significance to measure and analyze the flow field of the water surface. Therefore, this paper focuses on the two-dimensional hydrodynamic characteristics of the water surface under the combined action of the barrier structures and water diversion projects. The above experimental settings meet the requirements.



Recently, PIV systems are often used to record flow field or wind field. The system uses advanced non-contact flow measurement technology to present the flow field of a water body. By measuring and calculating the displacement of tracer particles in the water body at a known time interval, the fluid velocity and flow field distribution can be determined. Laser irradiation and image acquisition processes can take measurements without interfering in the whole process [60,61,62,63]. In this study, the two-dimensional flow field of a stable water surface was measured using PIV, and the application is shown in Figure 1. The camera was fixed and was perpendicular to the water surface. The laser emitted by the sheet light source overlapped with the water surface to illuminate the particles for shooting. PIV was always measured at the water surface 5 cm from the flume bottom. The tracer particles were hollow glass beads with a particle size of 8–12 μm and a median particle size of 10 μm, which can effectively reflect the motion characteristics of water. The capture frequency was set at 5 Hz, that is, five sets of data were collected every second and the original data were stored. Based on the data, the time-averaged two-dimensional flow field of the water surface was obtained for the stable water. After being processed by the PIV system, the flow field data were further calculated and analyzed.




2.2. Experimental Similarity Rule and Data Processing


Considering the experiment was carried out with clean water, ignoring the viscosity effect may cause some errors, but it has little impact on the experimental results and the qualitative law. The experiments and analysis are carried out while respecting the criterion of Froude similarity (gravity similarity), and the geometric parameters and kinematic parameters of the prototype and model in the system mainly follow the relationship shown in Formula (1).


   λ   L , v , t , Q    =      L , v , t , Q    p r o t        L , v , t , Q    m o d        ,   λ   v     = λ   L   1 / 2       ,   λ   t     = λ   L   1 / 2       ,   λ   Q     = λ   L   5 / 2     



(1)







The longitudinal length of the flume, Y = 80 cm, was chosen to normalize the flume lengths. The surface velocity of the flow field was normalized by the average stream velocity at the upstream end of the slow-flow water. The calculation method and values are shown in Formula (2).


  l =  L Y  ,    v  n i   =    v i     v  i n     ,    v  i n   =    Q  m i n    A  =   3.7   L / min   25     cm  2    = 0.025   m / s  



(2)




where L is the distance between the water inlet and the structure centroid (cm); vni is the dimensionless velocity; vi is the surface velocity of each point in the flow field (m/s).



The evaluation quantities of the hydrodynamic characteristics include the water renewal time, retention time, water age, water exchange rate, half exchange time and other parameters [11,64,65,66,67]. With a shorter water renewal time, retention time, and higher water exchange rate and average velocity, the water purification capacity is stronger. Generally, the conservative substance with an initial concentration of 1 is placed in the lake, and the percentage of the total substance transported outside the area compared to the total initial substance percentage after a period of time is the water exchange rate [68,69]. In contrast, Zhang et al. [70] analyzed the change in a stagnant water area with a velocity lower than the set velocity. Based on this, this study uses the water exchange rate based on critical velocity and two-dimensional surface average velocity to describe the water purification capacity and hydrodynamic characteristics. In addition, the surface velocity information entropy is used to analyze the velocity composition of the water surface. The determination of critical velocity is related to the hydrodynamic exchange and water nutrient status [71,72]. According to the ratio of the average velocity in Xinglong Lake to the critical velocity of algae growth in the lake, which is about 1.2 [73,74], the maximum dimensionless average velocity with no structures in this study is 0.24–0.285, and the critical velocity is determined to be about 0.2 by dividing 0.24 by 1.2. The calculation methods of the water exchange rate and the average velocity are as follows:


  η =   S −  S 0   S   



(3)






   v ¯  =   ∑  v  n i     ∑ i    



(4)




where η is the water exchange rate (dimensionless), S is the total surface area of the slow-flow water (cm2), and S0 is the total area of the stagnant water area (cm2),   v ¯   is the average velocity (dimensionless); vni is the normalized velocity at each point in the flume. Water with a surface velocity lower than 0.2 cannot be purified effectively, which is called the stagnant water area. Two conditions are randomly selected to show the distribution of the stagnant water area, and S0 is shown in Figure 2. Note that the white area is due to the fact that the vector arrow, whose speed is below the critical speed, is not displayed.



In this study, the velocity composition of the flow field under various conditions is discussed and analyzed based on the principle of information entropy. Information entropy was first proposed by Shannon in 1984, and is used to measure the amount of information, stability and uncertainty of a system and to characterize the evolution characteristics. The lower the entropy value is, the higher the order degree of the system is [75,76,77]. Entropy H is given according to the work of Shannon et al., as shown in Formula (5) [78,79].


   H = −    ∑    P i    l o g  2   P i   



(5)




where Pi is the probability of a symbol showing up in a given system of symbols, and the use of the logarithm base two corresponds to the expression of information entropy in terms of bits. In entropy calculations, the dimensionless velocities of each point in the two-dimensional flow field processed by the PIV system are obtained. The maximum dimensionless velocity in all conditions is 1.64. The velocity values of the flow field are divided into the following nine intervals: vn1 (0–0.164), vn2 (0.164–0.328), vn3 (0.328–0.492), vn4 (0.492–0.656), vn5 (0.656–0.820), vn6 (0.820–0.984), vn7 (0.984–1.148), vn8 (1.148–1.312), vn9 (1.312–1.64), and the corresponding P1, P2, P3, P4, P5, P6, P7, P8, P9 values, respectively For the selected two-dimensional system, the total grid number N of the flow field and Ni (i = 1–9) that corresponds to each interval vni are calculated, respectively. Then, Pi = Ni/N is calculated. Finally, the information entropy of the velocity composition under different conditions is calculated according to Formula (5).




2.3. Experimental Conditions


Considering the shapes of common islands and artificial structures in lakes, three generalized shapes were considered for the barrier structure, namely a triangular prism, semi-cylinder, and rectangular column. The shapes and sizes of the three structures and their locations in the flume are shown in Figure 3. The structures of the three shapes were placed along the side wall of the flume and on the line between the inlet and outlet. In addition, only one shape was placed at a time in the location set by the experiment. There was no sequence. All of the structures were made from organic glass. According to the water inlet width of 5 cm, the structural dimensions were designed as follows: the front edge width of the rectangular column was 6 cm, the right-angle side length of the triangular prism was 6 cm, and the diameter of the semi-cylinder was 6 cm.



The experimental conditions are shown in Table 1. The location of the structure was defined by the distance L between the inlet and the structure centroid, which is 15, 25, 35, 45, and 55 cm, respectively. The normalized relative distance l is 0.19, 0.31, 0.44, 0.56, and 0.69, respectively. The inflow flow rate Q of the flume was adjusted by the water depth of the reservoir, and the corresponding flow rates Q were 3.7, 4.5, 5.3, 6.0, and 6.8 L/min for the water depths of 24, 33, 39, 48, and 58 cm, respectively. Experiments were carried out without structures as references for comparative analysis.





3. Experimental Results


3.1. Flow Field Distribution


The direct effect of the barrier structures on the slow-flow water body under the water diversion projects is shown in the change in the flow field, including the change in the velocity magnitude and vector distribution, and the circulation formation and distribution. This paper mainly introduces the influence of the flow rate Q, structure shape and location on the flow field. The interaction intensity and location between the mainstream and structure change with the structure location l and inlet flow rate Q.



Figure 4 shows the two-dimensional vector distributions of the water surface for the rectangular column and when Q = 3.7, 6.8 L/min. For the water with no structures, the flow field is mainly composed of the obvious mainstream, which flows straight between the inlet and outlet and the circulation is reported close to the flume wall. For the high and low flow rates, the mainstream velocities reach about 0.556–0.962 and 0.649–0.977, and the circulation velocities are about 0.463–0.898 and 0.342–0.570, respectively. The circulation velocity increases significantly with increasing Q, but the velocity in the center area is only about 0.034, indicating poor dynamic conditions. For Q = 3.7 L/min and l = 0.19, lateral flow is formed around the structures without obvious circulation. The lateral distance is about one half of the flume width, and the mainstream velocity is about 0.642–1.069. For l = 0.31, two obvious circulations are formed and the deflection mainstream velocity is about 0.748–1.112. For larger l (greater than 0.31), the lateral distance of the deflection mainstream decreases gradually. A complete circulation is formed in the flume and the area increases gradually. For l = 0.56 or 0.69, the lateral velocity of the deflection flow is approximately 0. Corresponding to l = 0.44, 0.56 and 0.69, the flow velocities before the addition of the structures are 0.335–1.155, 0.371–1.055, and 0.364–0.920, respectively, and flow velocities after deflection are 0.584–1.190, 0.527–1.048, and 0.435–0.877, respectively. The deflection flow velocity decreases with increasing l. The mainstream velocity can be improved by placing the structures in the water, and the high-velocity area is mainly distributed in the circulation or deflection flow. For high flow rates (Q = 6.8 L/min) and when l = 0.19, 0.31 and 0.44, two obvious circulations between the structures and the inlet or outlet are formed. The mainstream velocities can reach about 0.670–1.247, 0.620–1.262, and 0.670–1.247. The longitudinal velocities are relatively small. The proportion of high-velocity areas will increase with the increasing Q. For l = 0.56 and 0.69, the lateral velocities of the deflection flow decrease to 0.485–0.905 and 0.143–0.784, respectively. The lateral distance decreases and the distance for l = 0.69 is the smallest. A single circulation that covers a large area is formed in the flume. The circulation velocities can reach about 0.820–1.247 and 0.684–1.005. For a large l, circulation close to the flow field with no structures is formed at different flow rates, but the velocity of the circulation center is generally 0.093–0.235, which is not conductive to water purification. The deflection effect between the flow and structure is expressed in the deflection angle and the ratio of the lateral to longitudinal velocity. For Q = 6.8 L/min, the deflection angle is approximately 90° for l = 0.19 or 0.31, and approximately 60° for l = 0.56 or 0.69.



Figure 5 and Figure 6 show the two-dimensional vector distribution of the water surface for the triangular prism and semi-cylinder and when Q = 3.7, 6.8 L/min. When placing the triangular prism into the water, for Q = 3.7 L/min and l = 0.19, the mainstream interacts with the structure without diffusion. A circulation is formed between the structure and the outlet, and obvious flow around the structure can be found with velocities of about 0.627–0.969. For l = 0.31, 0.44, 0.56, and 0.69, the flow forms a large-area circulation after the deflection of the structures, and the deflection angles near the structure are about 45°. The lateral velocity of the deflection flow is approximately 0, and the longitudinal movement is still dominant. The deflection flow velocities can reach about 0.513–0.912, 0.463–0.920, 0.492–0.912, and 0.442–0.763. It can be found that the velocities after deflection are significantly higher for a small l, and the velocities of the circulation center are about 0.053–0.135, with lower water purification efficiency. For Q = 6.8 L/min, the width of the deflection flow noticeably increases. For l = 0.19, 0.31, and 0.44, the deflection flow forms a large-area circulation and a small-area circulation near the outlet. The mainstream velocities can reach 0.734–1.105, 0.627–1.148, and 0.670–1.190. Moreover, the ratio of the lateral velocity to longitudinal velocity is larger, that is, 0.217–0.97, 0.0015–0.647, and 0.0047–0.448. For l = 0.56 and 0.69, the vector distribution is similar to that at low flow rates, and the mainstream velocities can reach about 0.663–1.076 and 0.620–1.540. The lateral velocity compared to the deflection velocity is almost 0. When the semi-cylinder is placed in the water, a large-area circulation forms at low flow rates. With increasing l, the mainstream velocities can reach 0.456–0.934, 0.385–0.948, 0.421–0.905, 0.356–0.905, and 0.385–0.884. For a large l (0.56, 0.69), the lateral flow is not obvious after deflection, mainly due to the decrease in the interaction intensity caused by the mainstream diffusion and the smooth surface of the semi-cylinder, and the lateral distance of the flow is obviously reduced. The exchange capacity at the back of the structure is poor. The overall distribution of the flow field at high flow rates is similar to that at low flow rates. With the increase in l, the mainstream velocities can be about 0.556–1.119, 0.642–1.176, 0.520–1.198, 0.627–1.140, and 0.599–1.233, respectively. The lateral distance decreases, and the flow field distributions tend to be stable.




3.2. Velocity Variation


To process the deflection mainstream to optimize the flow field, the velocity variation along the deflection mainstream under the influence of the flume wall and the surrounding water was studied. The line location was selected, as shown in Figure 7. For Q = 6.8 L/min and l = 0.31 and 0.56, the variations in the deflection mainstream velocity that correspond to the three structures are shown in Figure 8, where a is the straight-line distance from each point of the deflected mainstream to the structure. For l = 0.31, the velocity along the path increases rapidly to the maximum values of 1.026 (a = 3 cm) and 1.005 (a = 4 cm) for the triangular prism and semi-cylinder, respectively. Subsequently, the velocity fluctuates along the path, starts to decrease at 33 and 37.5 cm, and finally approaches zero. For the rectangular column, the flow velocity starts to fluctuate around 0.299, as the strong interaction between the flow and structure causes the flow to break and disperse. The velocity starts to increase to its maximum value of 0.763 from 25 cm, which is due to the convergence of high-intensity circulation at this point and the flow velocity starts to drop to 0 at 52 cm. The velocity for the rectangular column is lower than that for the other two structures. For l = 0.56, the velocities for the three structures fluctuate along the path and show a downward trend as a whole. After deflection, the initial velocity varies in the following order: rectangular column > triangular prism > semi-cylinder. The maximum values of the velocity along the path are 1.297, 0.920, and 0.627, corresponding to a = 7, 0, and 0 cm, respectively. The velocity along the mainstream for the rectangular column after deflection is higher than that for the other two shapes.




3.3. Water Exchange Rate and Average Velocity


Figure 9 shows the change in the water renewal capacity for the triangular prism with different locations under each flow rate. For a small Q (3.7 L/min), with increasing l, the water exchange rate η first increases to its highest value (η = 36%), is stable when l = 0.31–0.56 and then decreases. For Q = 4.5 L/min, η first increases and then decreases, with the maximum value of 59.86% (l = 0.31). When Q is greater than 4.5 L/min, η decreases with increasing l, but for Q = 6.0, 6.8 L/min, η increases for a larger l. The minimum value of η for Q = 5.3, 6.0, and 6.8 L/min is 42.52%, 54%, and 55%, which corresponds to l = 0.69, 0.56, and 0.56, respectively. For the same l, with increasing Q, the overall average velocity increases continuously. The average velocity for a small distance and high flow rate (l = 0.19, Q = 6.8 L/min) is the largest, and η under this condition is the highest (η = 68.49%). The overall average velocity for a small distance and low flow rate (l = 0.19, Q = 3.7 L/min) is the smallest, and that for a low flow rate varies slightly with l and it is maintained below 0.2.



Figure 10 shows the change in the water renewal capacity for the semi-cylinder with different locations under each flow rate. The water exchange rate η and average velocity both first increase and then decrease with increasing l for different flow rates. For Q = 3.7 L/min, η is the smallest and reaches its maximum value when l = 0.44 (η = 37.61%). For Q = 5.3 L/min, the variation trend of η is similar to that for Q = 4.5 L/min, and it reaches its maximum value when l = 0.31 (η = 57.15%). When Q is greater than 5.3 L/min, η is lower than 60% when Q = 6.0, 6.8 L/min. The maximum average velocity (0.364) and η (58.96%) is achieved for Q = 6.8 L/min and l = 0.31. For l = 0.19 and Q > 5.3 L/min, the average velocity varies slightly, which indicates that the structure strongly blocks the flow and Q has no evident influence on the average velocity. The velocity under this condition is maintained at 0.32. The average velocity increases with increasing flow rate.



Figure 11 shows the change in the water renewal capacity for the rectangular column with different locations under each flow rate. When Q is 3.7, 4.5 L/min, η first increases and then decreases with increasing l, and reaches its maximum value of 45.30% and 52.60% at l = 0.31, respectively. When Q is greater than 5.3 L/min, η decreases with increasing l. The maximum η is 76.21% when Q = 6.8 L/min and l = 0.19. η for the rectangular column at the same location increases with increasing Q. The optimal structure location to achieve maximum η is different for different Q. The average velocity is the highest (0.456) for Q = 6.8 L/min and l = 0.19. For the same l, the changing trend of the average velocity with increasing Q is different.




3.4. Information Entropy Analysis


In order to comprehensively analyze the velocity composition and the proportion of each velocity interval and the changing rule with experimental conditions, the calculation results of the information entropy of the velocity composition under the influence of the triangular prism, semi-cylinder and rectangular column are shown in Figure 12. The larger the information entropy H is, the smaller the difference among the different intervals in the flow field system is. Otherwise, it means that the system will be dominated by a certain velocity interval. For the triangular prism and when Q = 6.8, 6.0 L/min, with the increase in l, H decreases first and then increases and the following values were reported: 2.582, 2.584, 2.483, 2.346, 2.426 and 2.545, 2.457, 2.479, 2.285; 2.356. When the structure is located in the middle of the flume wall, the proportion of the velocity interval of 0–0.328 increases significantly. The proportion of the low-velocity (0–0.328) interval for other l decreases, but that for the other intervals increases significantly, and the velocity composition tends to be more uniform. For Q = 5.3 and 4.5 L/min, H gradually decreases with the increase in l. For a large l, the low-velocity interval (0–0.164) proportion gradually increases, demonstrating obvious dominance in the flow field. For Q = 3.7 L/min, H increases first and then decreases with increasing l. For the semi-cylinder, H increases first and then decreases with the increase in l, reaching 1.423–1.682 (3.7), 2.193–2.429 (4.5), 2.129–2.376 (5.3), 2.204–2.392 (6.0) and 2.282–2.491 (6.8). For l = 0.3–0.6, the proportion of the intervals 0–0.328 and 0.656–0.820 is reduced, and that of the high-velocity interval (0.820–1.148) increases. For the rectangular column, it can be found that the increase in l (less than 0.5) at low flow rates (3.7 and 4.5 L/min) will reduce the proportion of the low-velocity interval (0–0.328), and significantly improve that of the higher-velocity interval (0.492–0.820).



On the whole, the flow rate Q has a significant influence on the information entropy H, and when Q > 3.7 L/min, H increases greatly, indicating that the increase in flow rates can reduce the proportion of the low-velocity interval and proportion difference among each interval. At high flow rates, the flow velocity composition is more uniform and the overall velocity increases. H for the rectangular column is larger under various conditions, indicating that the rectangular column plays a more obvious role in the adjustment of the velocity composition, while H for the semi-cylinder is relatively smaller. When H corresponds to 3.7–6.8 L/min with no structures, the following values were reported: 1.348, 1.867, 1.563, 1.873, and 2.003.





4. Discussion


Three parameters were varied for the experiment series. The influence of the structure location, structure shape and flow rate on the water exchange rate, average velocity and velocity information entropy is considered. Compared with various annular flow fields formed in lakes with no structures [14,17,21,34], and by considering the poor flow velocity in the center of lakes [27], placing structures in the water will obviously optimize the flow path and the velocity composition, which can be observed from the calculation results of the average velocity and information entropy. The water exchange rate η for water with no structures is 21.61–44.43%, and this parameter increases significantly after the structures are placed in the water.



The structure location determines the location where the inflow and the structures interact, and the deflection location and angle of the mainstream, thus changing the exchange rate. With the increase in l, circulation gradually appears and changes from complex circulations to a single large-scale circulation. The deflection effect of the structure is weakened, the deflection angle is reduced, and the lateral velocity and the ratio of the lateral velocity to longitudinal velocity of the deflection mainstream are gradually decreased. The collision location between deflection flow and the flume wall shifts. The influence of l on the exchange rate is non-monotonic. In order to achieve a higher η, l for the rectangular column, semi-cylinder, and triangular prism should be 0.2–0.3, 0.3–0.55, and 0.2–0.3, respectively. When the structure is close to the inlet, the flow interacts with the structure without obvious diffusion (this can be found from the decrease in the deflection mainstream velocity, as l increases from 0.19–0.44). The island in the rivers can reduce the stream width to improve the flow [46], and the effect is better for a smaller l in this paper. For a smaller l, the turbulence intensity at the back of the structure is higher, because the blocking effect of the structure results in part of the kinetic energy of the inflow water being converted into potential energy, and part of the kinetic energy enhances the extrusion velocity of the flow around the structure, which leads to turbulence at the back of the structure, enhancing the mixing effect [45,54].



Different structure shapes result in different interaction areas and deflection directions, changing the deflection angle, mainstream velocity, and the water exchange rate. Existing studies have shown that pier diameter, shapes and other factors influence the flow field significantly [47,80,81]. The deflection angle that corresponds to the triangular prism and semi-cylinder is approximate and relatively small, generally about 30–45°, while that for the rectangular column is larger, approximately 90° for small l and decreases as l increases. The triangular prism can compress and accelerate the flow for small l. At various distances, η for the rectangular column is relatively larger, while that for the semi-cylinder is relatively smaller. This may be because the inclined plane or curved surface of the triangular prism and semi-cylinder produces a stable transition flow when interacting with the flow, and the interaction intensity is weak. The interaction area between the rectangular column and the flow is relatively large, the deflection effect is greater and the optimization effect on the flow field is more obvious (mostly consistent with the calculated results of the information entropy). Owing to the influence of the circulation on both sides of the mainstream and the turbulent mixing of local water, the velocity along the deflection mainstream decreases gradually, with fluctuations. In some cases, the flow velocity decreases significantly before the collision with the flume wall, which may be due to the energy loss caused by the collision between the flow and the flume, forming a low-velocity or stagnant water zone near the wall, blocking the incoming flow and leading to a rapid decline in velocity.



The flow rate Q determines the inlet flow velocity, and the interaction intensity between the flow and barrier structures. For water with no structures and with an increase in Q, both η and the average velocity increase. The residence time will also be shortened [32], and the equilibrium concentration of the water quality index shows a downward trend [36]. For a small Q (3.7 L/min), the interaction is weak, and the correlation between η and structure location is relatively weak. For a large Q, the correlation is significantly enhanced. When the distance is small (l = 0.19), for the rectangular column, the deflection angle is about 45–50° for a small Q (3.7 L/min), while it obviously increases to about 90° after Q increases, indicating that the interaction intensity is significantly enhanced. It should be noted that the excessive diversion flow rates will greatly change the flow field and are not conducive to water ecology [40].



In this paper, water exchange rate η and average velocity are selected as parameters to evaluate the hydrodynamic characteristics, and the information entropy H is calculated to evaluate the variation in velocity composition. We pointed out the calculation results in Figure 13. There is a good correlation between η and average velocity, as R2 = 0.94. However, the correlation between H and average velocity is relatively weak, as R2 = 0.68. When H increases, the proportion of each velocity interval becomes more uniform. When H is small, the low-velocity interval (especially 0–0.164 or 0.164–0.328) demonstrates obvious dominance, and the average velocity is relatively small. As H increases, it indicates that the corresponding proportion of other high-velocity intervals increases, and the average velocity should increase. Therefore, the two parameters also present a positive correlation.



We studied the influence of the structure location and shape on the renewal capacity of the slow-flow water body based on the physical experiments. Considering the change in flow rates, the reasonable selection of the location and shape of the structure or artificial island can obviously improve the hydrodynamic characteristics of the lakes or other water bodies, which is of great significance in the optimization of water quality and landscape design. It should be noted that the quantity and location of the inlet and outlet have a significant influence on the water quality [19,22]. In this paper, the inlet and outlet are fixed at the edge of the flume, which may not be the best, as they are restricted by the solid boundary and the friction of the side wall. The flow at the inlet and outlet is stable, and the flow in the flume is mostly constant during the experiments. The flow field was measured under stable conditions in the flume, which can be considered as representative. Next, further study should be carried out according to the structure of the barriers, artificial island design and water boundary conditions.




5. Conclusions


The influence of barrier structure location and shape on the renewal capacity and hydrodynamic characteristics of slow-flow water bodies was studied in laboratory experiments based on the PIV system. The vector distribution, water exchange, average velocity of the flow field, and velocity variation along the deflection mainstream center were obtained by processing the two-dimensional flow field data. The average velocity and water exchange rate η were selected as the measurable quantities, and the information entropy H was calculated to evaluate the velocity composition. The main conclusions are as follows:




	
There is a good positive correlation between η and average velocity (R2 = 0.94). Compared with η of 21.61–44.43% of water with no structures, placing barrier structures in the water can significantly improve the water exchange rate (up to twice its value). The results are of practical significance for designing and adjusting structures in water to improve water quality.



	
The location parameter l changes the deflection mainstream velocity and direction, and its influence on η is non-monotonic. With the increase in l, circulation gradually appears and the area gradually expands. The deflection angle and the ratio of lateral velocity to streamwise velocity decrease, and the deflection effect of the structure weakens. The flow field for a large l (0.69) is similar to that with no structures. To achieve a higher η by placing structures in the water, the optimal l that corresponds to the triangular prism, rectangular column, and semi-cylinder is 0.2–0.3, 0.2–0.3, and 0.3–0.55, respectively.



	
Structures have different effects on the flow field due to the different interaction surfaces, and the resistance effect of the rectangular column is the strongest. The deflection angles for the triangular prism and semi-cylinder are about 30°–45° at various flow rates, and these will be smaller for a larger l. The deflection angle of the rectangular column can be 90° for a smaller l, and the influence on the flow field is more obvious. In all cases, η for the rectangular column is relatively large, while that for the semi-cylinder is relatively small. A larger interaction area between the flow and structures generally results in a higher η.



	
The flow rate Q is an important factor that affects water renewal capacity, changing the interaction intensity between the flow and structures. The average velocity and η increase with the increase in Q, and the flow rate that corresponds to the maximum η is generally 6.8 L/min.



	
The information entropy H varies positively with the average velocity (R2 = 0.68). H for the rectangular column is larger, indicating that the rectangular column plays a more obvious role in adjusting the velocity composition, while H for the semi-cylinder is relatively smaller.
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Figure 1. Experimental installation: (a) side view of the flume; (b) top view of the flume (point O is the axis origin, and the unit of the numbers in the figure is cm, except for those already indicated). 
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Figure 2. Distribution of the stagnant water area: (a) rectangular column, Q = 6.8 L/min, l = 0.44; (b) triangular prism, Q = 6.8 L/min, l = 0.44. 
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Figure 3. Schematic diagram of barrier structures in water body: (a) structure location; (b) triangular prism; (c) semi-cylinder; (d) rectangular column. 
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Figure 4. Vector distribution of the flow field under the influence of the rectangular column for Q = 3.7 L/min and 6.8 L/min, respectively: (a–f) for 3.7 L/min; (a1–f1) for 6.8 L/min. Vector distribution (a,a1) for no structure; (b,b1) for l = 0.19; (c,c1) for l = 0.31; (d,d1) for l = 0.44; (e,e1) for l = 0.56; (f,f1) for l = 0.69. 
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Figure 5. Vector distribution of the flow field under the influence of the triangular prism for Q = 3.7 L/min and 6.8 L/min, respectively: (a–f) for 3.7 L/min; (a1–f1) for 6.8 L/min. Vector distribution (a,a1) for no structure; (b,b1) for l = 0.19; (c,c1) for l = 0.31; (d,d1) for l = 0.44; (e,e1) for l = 0.56; (f,f1) for l = 0.69. 






Figure 5. Vector distribution of the flow field under the influence of the triangular prism for Q = 3.7 L/min and 6.8 L/min, respectively: (a–f) for 3.7 L/min; (a1–f1) for 6.8 L/min. Vector distribution (a,a1) for no structure; (b,b1) for l = 0.19; (c,c1) for l = 0.31; (d,d1) for l = 0.44; (e,e1) for l = 0.56; (f,f1) for l = 0.69.
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Figure 6. Vector distribution of the flow field under the influence of the semi-cylinder for Q = 3.7 L/min and 6.8 L/min, respectively: (a–f) for 3.7 L/min; (a1–f1) for 6.8 L/min. Vector distribution (a,a1) for no structure; (b,b1) for l = 0.19; (c,c1) for l = 0.31; (d,d1) for l = 0.44; (e,e1) for l = 0.56; (f,f1) for l = 0.69. 






Figure 6. Vector distribution of the flow field under the influence of the semi-cylinder for Q = 3.7 L/min and 6.8 L/min, respectively: (a–f) for 3.7 L/min; (a1–f1) for 6.8 L/min. Vector distribution (a,a1) for no structure; (b,b1) for l = 0.19; (c,c1) for l = 0.31; (d,d1) for l = 0.44; (e,e1) for l = 0.56; (f,f1) for l = 0.69.
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Figure 7. Straight line of the mainstream center (black line): (a) semi-cylinder, Q = 6.8 L/min, l = 0.31; (b) triangular prism, Q = 6.8 L/min, l = 0.31; (c) rectangular column, Q = 6.8 L/min, l = 0.31. 
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Figure 8. Variation in the velocity along the deflection mainstream center: (a) l = 0.31; (b) l = 0.56 (a is the straight-line distance from each point of the deflected mainstream to the structure). 
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Figure 9. Calculation results for the triangular prism: (a) water exchange rate; (b) average velocity. 
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Figure 10. Calculation results for the semi-cylinder: (a) water exchange rate; (b) average velocity. 
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Figure 11. Calculation results for the rectangular column: (a) water exchange rate; (b) average velocity. 
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Figure 12. Calculation results of the information entropy of the two-dimensional flow field: (a) triangular prism; (b) semi-cylinder; (c) rectangular column. 
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Figure 13. Fitting diagram of three parameters: (a) water exchange rate and average velocity; (b) information entropy and average velocity. 
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Table 1. Experimental conditions (C for semi-cylinder, R for rectangular column; T for triangular prism).
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Experiment Conditions

	
Q (L/min)

	
l

	
Structural

Shape

	
Experiment Conditions

	
Q (L/min)

	
l

	
Structural

Shape






	
R1-0-0

	
3.7

	
—

	
—

	
R3-3-2

	
 

	
 

	
T




	
R1-1-1

	
0.19

	
R

	
R3-3-3

	
C




	
R1-1-2

	
T

	
R3-4-1

	
0.56

	
R




	
R1-1-3

	
C

	
R3-4-2

	
T




	
R1-2-1

	
0.31

	
R

	
R3-4-3

	
C




	
R1-2-2

	
T

	
R3-5-1

	
0.69

	
R




	
R1-2-3

	
C

	
R3-5-2

	
T




	
R1-3-1

	
0.44

	
R

	
R3-5-3

	
C




	
R1-3-2

	
T

	
R4-0-0

	
6.0

	
—

	
—




	
R1-3-3

	
C

	
R4-1-1

	
0.19

	
R




	
R1-4-1

	
0.56

	
R

	
R4-1-2

	
T




	
R1-4-2

	
T

	
R4-1-3

	
C




	
R1-4-3

	
C

	
R4-2-1

	
0.31

	
R




	
R1-5-1

	
0.69

	
R

	
R4-2-2

	
T




	
R1-5-2

	
T

	
R4-2-3

	
C




	
R1-5-3

	
C

	
R4-3-1

	
0.44

	
R




	
R2-0-0

	
4.5

	
—

	
—

	
R4-3-2

	
T




	
R2-1-1

	
0.19

	
R

	
R4-3-3

	
C




	
R2-1-2

	
T

	
R4-4-1

	
0.56

	
R




	
R2-1-3

	
C

	
R4-4-2

	
T




	
R2-2-1

	
0.31

	
R

	
R4-4-3

	
C




	
R2-2-2

	
T

	
R4-5-1

	
0.69

	
R




	
R2-2-3

	
C

	
R4-5-2

	
T




	
R2-3-1

	
0.44

	
R

	
R4-5-3

	
C




	
R2-3-2

	
T

	
R5-0-0

	
6.8

	
—

	
—




	
R2-3-3

	
C

	
R5-1-1

	
0.19

	
R




	
R2-4-1

	
0.56

	
R

	
R5-1-2

	
T




	
R2-4-2

	
T

	
R5-1-3

	
C




	
R2-4-3

	
C

	
R5-2-1

	
0.31

	
R




	
R2-5-1

	
0.69

	
R

	
R5-2-2

	
T




	
R2-5-2

	
T

	
R5-2-3

	
C




	
R2-5-3

	
C

	
R5-3-1

	
0.44

	
R




	
R3-0-0

	
5.3

	
—

	
—

	
R5-3-2

	
T




	
R3-1-1

	
0.19

	
R

	
R5-3-3

	
C




	
R3-1-2

	
T

	
R5-4-1

	
0.56

	
R




	
R3-1-3

	
C

	
R5-4-2

	
T




	
R3-2-1

	
0.31

	
R

	
R5-4-3

	
C




	
R3-2-2

	
T

	
R5-5-1

	
0.69

	
R




	
R3-2-3

	
C

	
R5-5-2

	
T




	
R3-3-1

	
0.44

	
R

	
R5-5-3

	
C








Notes: ‘Ra-b-c’ is the abbreviation of Run. The first number ‘a’ after R represents different flow rates, and 1~5 corresponds to 3.7~6.8 L/min, respectively. The second number ‘b’ represents the relative distance l, and 1~5 corresponds to 0.19~0.69, respectively. The third number ‘c’ represents the patch shapes, and 1~3 corresponds to the rectangular column, triangular prism and semi-cylinder. ‘Ra-0-0′ indicates that no vegetation patch is set in water.
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