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Abstract

:

The hydrodynamics at the fishway entrance play an important role in attracting fish into a fishway. Adjusting the entrance angle of the fishway to allow suitable water flow patterns at the entrance is an effective measure that can be used to improve the attraction efficiency. In this study, we analyzed the movement behavior of grass carp (Ctenopharyngodon idella) in a river channel at a fishway entrance with different fishway entrance angles (30°, 45°, and 60°) and different replenishment velocities (0.1 m/s, 0.2 m/s, and 0.3 m/s). The flow velocity was 0.32–0.50 m/s when the fish head deflected into the entrance under different entrance angles for grass carp. As the entrance angle of the fishway increased, the fish energy consumption increased. The range of energy consumption for grass carp increased from 1.26–3.59 × 10−3 J to 3.32–7.33 × 10−3 J when the entrance angle was increased from 30° to 60°. There was a negative correlation between the entrance angle of the fishway and the deflection angle of the tested fish’s head. This research presents a reference that combines fish swimming behavior and hydraulics to optimize the design of fishway entrances.
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1. Introduction


The construction of hydraulic structures such as dams, sluice gates, and weirs has blocked the connectivity of rivers and fragmented migration routes [1,2,3,4,5,6]. Fishways were developed to restore river connectivity and provide a passage for migrated fish species [7,8]. However, the dimensions of fishway entrances are small compared to those of rivers, and the hydrodynamic change of rivers affects the velocities at fishway entrances and the attraction of fish to these entrances [1]. Therefore, the design of the entrance is important for attracting fish into a fishway [9,10].



Currently, studies on fishway entrances have mainly focused on the location and arrangement of these entrances and their water replenishment. For instance, a suitable location for a fishway entrance is the fish aggregation zone downstream of a dam [10]. When the fishway entrance is arranged near the dam, the conditions are more attractive to the target fish [11,12]. A certain angle between the direction of the fishway entrance and the main flow direction of the river can attract fish to cross into the fishway entrance [13]. If the flow directions from the fishway and the replenishment discharge differ, their merging enhances the ambivalent signals, affecting fish movement orientation [14]. Thus, suitable fishway entrance angles and replenishment flow would be beneficial to attract fish into the entrance. To understand how a fishway entrance and its replenishment water flow attract fish under variable flow, it is important to identify how the hydraulic factors affect fish movement behaviors [15,16]. Suitable water flow conditions are the key to the attraction and entrance efficiency of fishways [17,18]. The main hydraulic factor that affects the attraction and entrance efficiency of a fishway is water velocity. When the velocity at the entrance is higher than the burst swimming speed or lower than the induced flow speed of fish species, the water flow at the entrance is not enough to make the fishway attractive [19,20,21]. Energy consumption is an important indicator used to present the relationship between fish behavior and hydraulic factors [22]. When fish move in a river or channel, they must use energy to resist the water flow [23,24]. Studies have found that fish consume more energy in response to excessive turbulent kinetic energy [20,25,26,27]. For example, juvenile rainbow trout (Oncorhynchus mykiss) preferred positions with low turbulence and high flow velocity at low discharge but low flow velocity and high turbulence at high discharge [28]. Grass carp avoided the zone where the turbulent kinetic energy was greater than 0.012 m2/s2 in the upstream movement route [29], and bighead carp required more energy in high-TKE zones [26]. Thus, energy consumption was analyzed in relation to varied entrance angles and replenishment water flows.



Grass carp (Ctenopharyngodon idella) is an economic fish species in the Yangtze River and is recognized as the most important freshwater fish species in China [30,31,32]. This species has a migratory requirement between rivers and lakes [33]. However, the abundance of this carp was reduced to just 4.2% of the average in 2005 [34]. It is urgent to provide an effective fishway entrance and replenishment discharges to attract fish into the fishway. Thus, this study aimed to analyze the swimming behavior of grass carp in response to different entrance angles and replenishment flows. Specifically, the primary objectives of this study were to (a) analyze the effects of different entrance angles and replenishment discharges on the attraction efficiency of fishways and (b) understand the swimming behavior in response to different entrance angles and replenishment discharges.




2. Materials and Methods


2.1. Experiment Fishway


A 1:10 physical model was installed at China Three Gorges University, China. The model structure was constructed of concrete with dimensions of 7.02 m (length) × 2.46 m (width) × 0.50 m (height), which included an entrance to the fishway and a water replenishment channel (Figure 1). The “x” direction is parallel to the flow, and the “y” direction is perpendicular to it. The entire experimental zone included the test zone (5.20 m × 2.46 m × 0.50 m) and acclimation zone (1.82 m × 2.46 m × 0.50 m). Moreover, the water depth in the channel was controlled using a tailgate, and the flow in the replenishment channel was provided by a gauging weir. Three fishway entrances with different entrance angles (30°, 45°, and 60°) were studied, labeled as types 1, 2, and 3, respectively. A concrete head tank (2.0 m length × 1.5 m height × 1.2 m width) located upstream of the fishway supplied water flow into the channel.



Three types of fishway entrance with different entrance angles (30°, 45°, and 60°) and different velocities of replenishment flow (0.1 m/s, 0.2 m/s, and 0.3 m/s) were used for the experiment. The fishway entrance angle is defined as the angle of the inclined entrance. The entrance flow velocity was adjusted to 0.4 m/s based on the swimming capability of grass carp [31,32,33,35]. The velocity of replenishment flow was sequentially adjusted to three design conditions (0.1 m/s, 0.2 m/s, and 0.3 m/s). A total of 187 experimental fish were used in the study and assigned to different angles and flow conditions (Table 1).




2.2. Hydraulics


Experimental conditions in the channel were shown in Table 1. Three fishway entrance angle (30°, 45°, and 60°) and three replenishment flow velocity (0.1 m/s, 0.2 m/s, and 0.3 m/s) were performed in our experiment. The water velocity of the entire channel was measured with a 16-MHz acoustic Doppler velocimeter (ADV; Son Tek Micro ADV, Son Tek, CA, USA). The probe was positioned in the flow with an adjustable traverse and caused negligible disturbance to the observed flow.



Velocity measurements were taken under the working condition of a fishway entrance angle of 45°, a fishway entrance velocity of 0.4 m/s, and a replenishment channel velocity of 0.2 m/s. Flow velocities were measured at a total of 20 points. Velocity measurements were taken at one horizontal plane (z = 0.09 m), which is parallel to the channel bottom. In addition, WinADV software (version 2.024) was used to obtain the data [36]. In order to obtain the hydraulics distribution in the whole test zone, the data obtained by ADV were used to validate the accuracy of the numerical simulation results.




2.3. Numerical Model


Computational fluid dynamics (CFD) software (Fluent 6.3, ANSYS Corporation, Canonsburg, PA, USA) with an RNG k–ε turbulence model was utilized to obtain the distribution of the flow field in the fishway. A velocity-type inlet boundary condition was adopted at the inlet of the fishway with the measured velocity value in the experiment. A pressure-type outlet boundary condition was given at the exit of the fishway. The model was discretized via the finite volume method using a hexahedron computing grid with 666,988 cells. Model validation was conducted with an entrance flow velocity of 0.4 m/s, velocity of the replenishment channel of 0.2 m/s, and a fishway entrance angle of 45°.



In order to validate the accuracy and reliability of the numerical simulations, the 10 measured points on sections x = 1.5 m and y = 1.96 to 2.46 m and the 10 measured points on sections x = 1.6 m and y = 1.96 to 2.46 m at z = 0.09 m (z denotes the water depth of the channel) were used to verify the model. The grid-independent analytical solution was validated at x = 1.5 m and y = 1.96 to 2.46 m. The three meshes had little influence on the calculation results, as shown in Figure 2. In order to ensure the accuracy of the numerical model, a mesh convergence analysis of the model was carried out (Table 2). Three hexahedral meshes with different numbers of computational meshes were tested; namely, mesh 1, mesh 2, and mesh 3. The number of cells for the three meshes was 520,542, 666,988, and 819,560, respectively. Figure 2 shows that the results of mesh 1, mesh 2, and mesh 3 were close to the measured values. Considering the calculation accuracy and efficiency, the mesh of 666,988 was selected as the calculation mesh. The simulated velocity values were compared with the corresponding experimentally measured values in the channel, as shown in Figure 3. The relative error between the simulated and measured values ranged from 3.22% to 19.83%, with an average relative error of 10.93%. In addition, there was a significant correlation between the measured and simulated velocity values (R1V2 = 0.985, R2V2 = 0.944) (Figure 4).




2.4. Experimental Fish


Grass carp (N = 187) with a total length (TL) of 13.1 ± 1.7 cm (mean ± SD) were obtained from Qingjiang River, Hubei, China, and transported to China Three Gorges University via oxygenated plastic bags. All the fish were placed in an aerated acclimation tank with dimensions of 3.0 m (diameter) × 1.5 m (height) for 48 h prior to the beginning of the experiments. The mean water temperature was controlled at 21 °C and the dissolved oxygen level was 7.0 mg/L. The fish were kept in the tank for at least 5 days to recover from transport and handling stress. Additionally, the fish were fed on pond sticks (Tetra Gmbh) until 24 h prior to experimentation. Before the test, one fish was randomly selected and introduced to the acclimation zone for 20 min, and then the fish were allowed to volitionally move within 1 h after removing the mesh panel in the acclimation zone. According to the pre-test, if the fish did not enter the fishway entrance within 1 h, the test was ended.



A video monitoring system, including a 25-fps video camera (HIKVISION, Hangzhou, China), a computer, and data storage, was positioned 4 m above the channel to monitor the fish movements. Thus, fish behavior was continuously monitored using the video monitoring system. Logger Pro software (version 3.16.2) (Vernier Software & Technology, Beaverton, OR, USA) was used to determine the fish’s movement behavior, and the swimming speed, migration transit time, transit position, and the number of fish attracted to the fishway entrance were obtained using the video.




2.5. Fish Movement Energetics


Energy consumption is an important factor used to explain fish’s movement variation. The definition of the energy consumption (E) of fish is as follows:


  E =   ∫  0 S   | f |  d s  



(1)




where s is the fish’s movement distances and f is the dragging force of the fish in the process of moving.



f is calculated as follows [39,40]:


  f = 0.5  C d  ρ  A s     (   U w  −  U f   )   2   



(2)






   A s  = α    L f   β   



(3)




where ρ is the density of water, As is the wetted surface zone of fish, α = 0.465, and β = 2.11.    C d    is the coefficient of drag, including the frictional drag coefficient    C f    and the pressure drag coefficient    C p   , considering that    C f    is larger than    C d   .



   C d    is expressed using the following formula:


   C d   =   C f  +  C p  ≈ 1.2  C f   



(4)






   C d  = 0  . 074   R e  − 0.2    



(5)






   R e  =     U f  ×  L f   v    



(6)




where Re represents the Reynold’s number of fish [41], and ν is the dynamic viscosity of water.




2.6. Data Analysis


The movement trajectories, position, transit time, and deflection angle of the tested fish’s head were extracted from the monitoring video using tracker software. The fish deflection angle is defined as the angle of the fish head inclined to the main flow. The attraction efficiency, cumulative entrance efficiency, and deflection efficiency were calculated based on the monitored data. A one-way ANOVA test was used to test the difference in efficiency values among different entrance angles, performed using SPSS 22.0, with a threshold of 0.05.



The number of tested fish attracted to the fishway entrance and the number of fish that successfully entered the fishway were monitored to reflect the effectiveness of the fishway.



The attraction efficiency of a fishway (   E 0   ) is defined as


   E 0   =      N 1     N 0        ×   100 %   



(7)




where    E 0    is the attraction efficiency,    N 1    is the number of fish that successfully reach the fishway entrance zone, and    N 0    is the number of fish released for each design condition.



The cumulative entrance efficiency (   E 1   ) is defined as


   E 1   =      N 2     N 1        ×   100 %   



(8)




where    E 1    is the cumulative entrance efficiency,    N 2    is the number of fish that successfully entered the fishway, and    N 1    is the number of tested fish.



The deflection efficiency (   E 2   ) is defined as


   E 2   =      N 4     N 3        ×   100 %   



(9)




where    E 2    is the deflection efficiency,    N 4    is the frequency of fish that successfully entered the fishway entrance after deflection, and    N 3    is the total frequency of tested fish deflected in each work condition.





3. Results


3.1. Hydraulics


The water direction at the entrance of the channel changed with different entrance angles (Figure 5). The mainstream was gradually spread on the right bank with an increase in the entrance angle. The mainstream in the fishway entrance was mainly spread along the left bank at a 30° entrance angle, while two large recirculation zones appeared on each side of the mainstream at 45° and 60° entrance angles.



At a 30° entrance angle, the maximum flow velocities near the entrance of the fishway could reach 0.514 m/s, 0.528 m/s, and 0.543 m/s when the velocity of the replenishment channel was 0.1 m/s, 0.2 m/s, and 0.3 m/s, respectively (Figure 5). When the entrance angle was 45°, the velocities near the fishway entrance ranged from 0.359 to 0.453 m/s, and the velocities near the fishway entrance ranged from 0.358 to 0.492 m/s at a 60° inlet entrance angle.




3.2. Fish Movement


When the entrance angle was 30° and the velocity of the replenishment channel was 0.1 m/s, 0.2 m/s, and 0.3 m/s, the cumulative entrance efficiency of grass carp was 50%, 45%, and 40%, respectively, and the transit time for entering the fishway was 2389 s, 2351 s, and 1517 s, respectively. When the entrance angle was 45° and the velocity of the replenishing channel was 0.1 m/s, 0.2 m/s, and 0.3 m/s, the cumulative entrance efficiency was 41%, 75%, and 81%, respectively, and the transit time for entering the fishway was 2156 s, 2146 s, and 1825 s for grass carp, respectively. Similarly, the cumulative entrance efficiency was 50%, 45%, and 40% for grass carp. At the same time, the transit time for entering the fishway was 2389 s, 2351 s, and 1517 s for grass carp at an entrance angle of 60° when the velocity of the replenishment channel was 0.1 m/s, 0.2 m/s, and 0.3 m/s, respectively (Figure 6).



The average frequency of attracting fish to the fishway entrance at a 30° entrance angle was significantly higher than at 45° and 60° angles for grass carp. At a 30° entrance angle, the average frequency of attracting fish to the fishway entrance was 14.5 ± 2.48 times, 11.76 ± 2.11 times, and 13.41 ± 1.94 times when the velocity of the replenishment channel was 0.1 m/s, 0.2 m/s, and 0.3 m/s, respectively, at the entrance of the fishway (Figure 7a,b). At a 60° entrance angle, the average frequency of entering the fishway was 9.0 ± 2.36 times, 4.86 ± 1.77 times, and 4.54 ± 1.23 times when the velocity of the replenishment channel was 0.1 m/s, 0.2 m/s, and 0.3 m/s at the entrance of the fishway, respectively.



Interestingly, the distribution of grass carp was mainly in the zone between 1.4 and 4.4 m in the x direction and 2.05 and 2.46 m in the y direction. Thus, the fish movement behavior, including fish trajectories and residence times, was in this zone. The percentage of the residence time on the left bank at the entrance angles of 30° was significantly higher than at the entrance angles of 45° and 60°, as shown in Figure 8, and the tested fish mainly migrated from the left bank.




3.3. Analysis of Energy Consumption


Approximately 93.01% (306/329) of grass carp could deflect and successfully enter the entrance with an entrance angle of 30°, and the frequency of fish head deflection was 329 times (Table 3). When the entrance angle was 45°, the frequency of fish head deflection was 229 times for grass carp, and a proportion of 82.97% (190/229) of grass carp deflected and entered the entrance. Grass carp deflected and entered the fishway entrance at a proportion of 54.66% (88/161) with an entrance angle of 60°. Among the three entrance angles, the results revealed that an entrance angle of 30° had a better entrance efficiency for the tested fish than entrance angles of 45° and 60° (Table 3).



According to the head deflection position of the fish and the distribution of water velocity, the water velocity was 0.32–0.50 m/s for grass carp when the fish head deflected into the entrance at an angle of 30°. The water velocity was 0.34–0.44 m/s for grass carp when the fish head deflected into the entrance at an angle of 45°, and the water velocity was 0.40–0.46 m/s when the fish head deflected into the entrance at an angle of 60°. Thus, the flow velocity was 0.32–0.50 m/s when the fish head deflected into the entrance under different entrance angles for grass carp (Figure 9).



The representative movement trajectories of the fish under different working conditions were used to analyze the energy consumption when grass carp entered the fishway entrance. As the entrance angle of the fishway increased, the fish’s energy consumption increased, as shown in Figure 10. Additionally, there was a negative correlation between the entrance angle of the fishway and the deflection angle of the tested fish’s head. The relative angle was formed by the direction of the fish body and the fishway entrance angle. For grass carp, the larger the deflection angle, the more energy that was consumed.





4. Discussion


4.1. Effects of Fishway Entrance Angle on Fishway Efficiency


In this study, hydraulics were analyzed at different entrance angles and replenishment flows. The entrance angle was altered and the direction of the water flow and flow pattern in the channel were varied. Three entrance angles formed three different distributions of water flow at the fishway entrance. The flow velocity is the key to attracting flow propagation [42,43]. The mainstream at the fishway entrance was mainly spread along the left bank at a 30° entrance angle, which made it easy for fish to quickly find the direction of the mainstream and then locate the entrance position [44,45]. When the fishway entrance angle was increased, the influencing scope of water was larger on the right bank, and the carp were more likely to be attracted by the flow on the right bank. Thus, the probability of entering the fishway entrance was reduced because it was not conducive to finding the fishway entrance along the right bank of the channel for carp. This might be why most of the fish moved along the left banks.



A suitable water velocity at the fishway entrance was important for attracting fish into the fishway [46,47,48,49]. When the water flow velocity was more than 0.21 m/s, grass carp were more likely to be attracted to the fishway entrance. If the flow velocity of the fishway entrance was too slow or too large, the fish could not detect the entrance [50,51,52]. In this study, the flow velocity was 0.32–0.50 m/s for grass carp when the fish head deflected into the entrance under different entrance angles. When the water velocity was more than 0.50 m/s, it caused disorientation and reduced the efficiency of the tested carps. Thus, a suitable fishway entrance angle and replenishment flow or velocity were the keys to attracting fish into the entrance. For migratory fish species, the location of the entrance and the distribution of the flow field are conducive to fish aggregations, which can improve the attraction efficiency of the entrance [53]. The study results regarding entrance angles were compared with the results regarding entrance arrangement obtained from previous research. The propriety of the location of the fishway was verified by using the numerical simulation and field investigation in previous research studies [54,55]. For example, the optimal location of fishway entrances seems to be in relatively low-velocity zones where fish aggregate at the tailrace channel exits. In this study, the entrance angle was changed, and the flow pattern of the entrance flow was altered accordingly. A relatively more effective entrance angle was found after the experiments. In future work, a greater number of different entrance angles and replenishment flows or velocity should be considered to find a more accurate relationship for entrance angles and replenishment flow or velocity for fishways.




4.2. Effects of Fishway Entrance Angle on Fish Movement Strategies


This study analyzed the relationship between fish movement behavior and entrance hydrodynamic conditions during migration [22,28,41,56,57]. When fish encounter water flow during migration, they have to resist the water flow and adjust their swimming movement posture to adapt to the changes in water flow, which cost energy [28,58,59,60]. When a fish moves in water, its head is the part of the body that changes the least, and the direction of the fish’s head can indicate the direction of its body [61].



In this study, the representative trajectories of grass carps were chosen to obtain data on the behavior of the two species under different flow conditions, such as the frequency of fish head deflection, fish movement trajectories, transit time, deflection angle of the tested fish’s head, attraction efficiency, cumulative entrance efficiency, and deflection efficiency. Combining the fish’s swimming behavior and energy consumption, the relationship between the fish’s deflection angle and energy consumption was analyzed. The results revealed that the deflection behavior of fish was related to different hydraulic factors of the fishway entrance [35,45,62]. Most of the tested fish swam along low-velocity zones and, thus, reduced their energy consumption during the process of migration. An entrance angle of 30° formed a mainstream that satisfied the velocity preferences for carp. When the entrance angle was different, the frequency of deflection and the deflection angle of the fish were significantly different. It is assumed that the mainstream direction is related to the preferred direction of fish, which affects the deflection behavior of fish [63]. Energy consumption and the deflection angle of the fish’s head were analyzed for grass carp at different entrance angles. A large frequency of deflection and successful entrance efficiency and deflected efficiency were observed for grass carp when the fishway entrance angle was 30°. Compared with 45° and 60° entrance angles, the deflection angle of the fish’s head decreased at a 30° entrance angle, resulting in lower energy consumption. The energy consumption and behavioral choices of fish in vertical slot fishways have been analyzed in previous studies by combining different flow patterns in fishways [26,59,64]. Previous studies have found that fish chose lower flow velocity and reduced energy expenditure paths when swimming through the fishway and proposed that by selecting smaller tail swinging angles and swinging frequency, the energy expenditure of fish during migration would be reduced [28,65]. It was further confirmed that a 30° entrance angle was the most suitable arrangement in this study.



When the flow velocity was high, energy consumption increased significantly, and the fish had to promptly adjust their posture to move into zones with more suitable water velocities [26,66], despite turbulence being another hydraulic factor that impacted fish movement [20,21]. More refined work on hydraulic parameters, such as turbulence [67,68,69,70]; shear stress [52,64,71,72,73]; and other movement behaviors, such as exercise fatigue [74,75,76,77,78], should be considered in future studies.





5. Conclusions


This study analyzed the swimming behavior of grass carp at a fishway entrance with different entrance angles (30°, 45°, and 60°) and replenishment flows. The results showed that a 30° entrance angle was better than 45° and 60° entrance angles under different working conditions, and the range of flow velocity was 0.32–0.50 m/s for grass carp when the fish head deflected into the entrance under different entrance angles. As the entrance angle of the fishway increased, the fish energy consumption increased. There was a negative correlation between the entrance angle of the fishway and the deflection angle of the tested fish’s head. This research presents a reference that combines fish swimming behavior and hydraulics to optimize the design of fishway entrances.
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Figure 1. Schematic of the experimental river channel including the replenishment channel and different entrance angle (30°, 45°, and 60°) to test fish species grass carp. 
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Figure 2. The results of the mesh convergence analysis on sections x = 1.6 m and y = 1.96–2.46 m (z = 0.09 m). 
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Figure 3. Comparison between the numerical simulated velocity and measured velocity: (a) P1: y direction with x = 1.5 m (z = 0.09 m), (b) P2: y direction with x = 1.6 m (z = 0.09 m). 
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Figure 4. The simulated V values were compared with the corresponding measured values, as shown in Figure 2. Linear regression [37,38] of the simulated and measured V values in two different positions (P1: y direction with x = 1.5 m (z = 0.09 m); P2: y direction with x = 1.6 m (z = 0.09 m) is shown in Figure 3. R1V2 and R2V2 were 0.985 and 0.944, respectively. 
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Figure 5. The velocity distribution of the experimental channel (note: 30–1, 30–2, 30–3, 45–1, 45–2, 45–3, 60–1, 60–2, and 60–3 represent the working conditions in Table 1). 
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Figure 6. The cumulative passage efficiency of grass carp at (a) 30°, (b) 45°, and (c) 60° fishway entrance angles. 
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Figure 7. The average number of grass carp attracted to the fishway (a) and the average number of fish that entered into the fishway (b) at three different entrance angles and velocities of the replenishment channel. 
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Figure 8. Heat map of movement trajectory for grass carp in the channel (note: 30–1, 30–2, 30–3, 45–1, 45–2, 45–3, 60–1, 60–2, and 60–3 represent the working conditions in Table 1). 
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Figure 9. The deflection of fish head into the fishway at entrance angles of (a) 30°, (b) 45°, and (c) 60°. 
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Figure 10. Box plots showing (a) the energy consumption and (b) the relative angle of entry into the fishway entrance for grass carp. 
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Table 1. The details of the experimental conditions testing fish movement behavior in nine working conditions regarding different entrance angles and replenished flow.
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Fish Species

	
Entrance Angles

	
Working Conditions

	
Velocity of Replenishment Channel/(m/s)

	
Number of Tested Fish (N)

	
Total Length /(cm)






	
Grass carp

	
30°

	
30–1

	
0.1

	
22

	
11.75 ± 1.00




	
30–2

	
0.2

	
21

	
12.30 ± 1.74




	
30–3

	
0.3

	
21

	
11.40 ± 2.40




	
45°

	
45–1

	
0.1

	
22

	
12.50 ± 1.66




	
45–2

	
0.2

	
20

	
13.16 ± 1.82




	
45–3

	
0.3

	
21

	
13.39 ± 1.25




	
60°

	
60–1

	
0.1

	
20

	
14.01 ± 2.24




	
60–2

	
0.2

	
20

	
15.16 ± 1.25




	
60–3

	
0.3

	
20

	
13.31 ± 0.92








Notes: 30–1, 30–2, and 30–3 represent each replenishment channel velocity (0.1 m/s, 0.2 m/s, and 0.3 m/s) for 30° fishway entrance tests. Similarly, 45–1, 45–2, and 4–3 represent each replenishment channel velocity (0.1 m/s, 0.2 m/s, and 0.3 m/s) for 45° fishway entrance tests, and 60–1, 60–2, and 60–3 represent each of the replenishment channel velocity (0.1 m/s, 0.2 m/s, 0.3 m/s) for 60° fishway entrance tests.













 





Table 2. The mesh convergence analysis of the model was carried out considering three meshes (mesh 1, mesh 2, and mesh 3).
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	Mesh
	Cell Size
	Number of Cells
	Mesh





	1
	0.03–0.04 m
	520,542
	Coarse



	2
	0.03 m
	666,988
	Medium



	3
	0.02 m
	819,560
	Fine










 





Table 3. Frequency and efficiency of deflection of grass carp under nine working conditions.
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Entrance Angle of Fishway

	
Working Conditions

	
The Number of Tested Fish (N*)

	
The Frequency of Deflection for Fish in Each Working Condition (N)

	
Total Frequency of Deflection for Tested Fish (N3)

	
Deflection Efficiency (N4/N3)






	
30°

	
30–1

	
22

	
148

	
329

	
93.01% (306/329)




	
30–2

	
21

	
90




	
30–3

	
21

	
91




	
45°

	
45–1

	
22

	
46

	
229

	
82.97% (190/229)




	
45–2

	
20

	
99




	
45–3

	
21

	
84




	
60°

	
60–1

	
20

	
57

	
161

	
54.66% (88/161)




	
60–2

	
20

	
53




	
60–3

	
20

	
51








Notes: N* and N indicate the number of tested fish for each entrance angle and frequency of deflection in each working condition. N3 and N4 indicate the total frequency of deflection for tested fish in each entrance angle and the number of successful accesses in each entrance angle, respectively. The numbers 30–1, 30–2, 30–3, 45–1, 45–2, 45–3, 60–1, 60–2, and 60–3 represent the working conditions in Table 1.
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